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ABSTRACT 

Context. Gamma Doradus and delta Scuti pulsators cover the transition region between low mass and massive main-sequence stars, 
and as such, are critical for testing stellar models. When they reside in binary systems, we can combine two independent methods 
to derive critical information, such as precise fundamental parameters to aid asteroseismic modelling. In the Kepler light curve of 
KIC 10080943, clear signatures of gravity- and pressure-mode pulsations have been found. Ground-based spectroscopy revealed this 
target to be a double-lined binary system. 

Aims. We present the analysis of four years of Kepler photometry and high-resolution spectroscopy to derive observational constraints 
with which to evaluate theoretical predictions of the stellar structure and evolution for intermediate-mass stars. 

Methods. We used the method of spectral disentangling to determine atmospheric parameters for both components and derive the 
orbital elements. With phoebe, we modelled the ellipsoidal variation and reflection signal of the binary in the light curve and used 
classical Fourier techniques to analyse the pulsation modes. 

Results. We show that the eccentric binary system KIC 10080943 contains two hybrid pulsators with masses M\ = 2.0 ±0.1 Mq and 
M 2 = 1.9 ± 0.1 Mg, with radii Ri = 2.9 ±0.1 Rg and R 2 = 2.1 ± 0.2 Rg. We detect rotational splitting in the g and p modes for 
both stars and use them to determine a first rough estimate of the core-to-surface rotation rates for the two components, which will be 
improved by future detailed seismic modelling. 

Key words, stars: variables: delta Scuti - binaries: spectroscopic - stars: individual: KIC10080943 - stars: fundamental parameters 


1. Introduction 


The stellar interior was one of the most inaccessible parts of 
the universe until the advent of asteroseismology. Nowadays we 
can use stellar pulsations to inspect the conditions deep beneath 
the stellar photosphere and to calibrate theoretical stellar models 
(e.g. Chaplin & Miglio|2013 Aerts|2015l ). A particularly inter¬ 
esting group of stars for this type of analysis are the y Doradus 
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(hereafter y Dor) and 6 Scuti (hereafter 5 Set) pulsators. They are 
found on and slightly above the main sequence, near the classi¬ 
cal instability strip of the Hertzsprung-Russell diagram (HRD), 
ranging between 1.5 Mq and 2.5 Mq in mass. In this transition 
region, the outer convective envelope becomes shallower with 
increasing mass until it is negligible, and energy is mainly trans¬ 
ported radiatively, while in the centre, the core becomes increas¬ 
ingly convective. 


The yDor stars are somewhat cooler and less massive than 
(5 Set stars, having masses from 1.5 Mq to 1.8 Mq and spectral 
type A7-F5 ( |Kaye et al.|1999[ and references therein). Their typ¬ 
ical pulsation periods between 0.3 d and 3 d are consistent with 
non-radial, high-order, low-degree gravity (g) modes, which are 
driven by the convective flux blocking mechanism at the base of 
the convective envelope ( |Guzik et al.|2000[|Dupret et al.|2005] l. 
The 6 Set stars, on the other hand, have been studied for almost a 
century and have masses up to 2.5 Mq. They pulsate in radial as 
well as non-radial, low-order, low-degree pressure (p) modes at 
shorter periods between 18 min and 8 hr, which are driven by the 
K mechanism (e.g. Breger 20001. Besides main-sequence stars 
and more evolved sub-giants, 6 Set pulsations have also been de- 
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tected in pre-main sequence stars, providing an important tracer 
for early stellar evolution ( |Zwintz et al.|2014 l. Where the yDor 
and dSct instability strips overlap, stars are expected to show 
both types of pulsations ( |Dupret et al.||2005] l. These so-called 
hybrid pulsators are especially useful for asteroseismic studies 
to test stellar models, since the g-mode cavity is located close to 
the core and p modes have higher amplitudes in the outer enve¬ 
lope. 

For a non-rotating star, it is theoretically predicted that high- 
degree g modes of the same degree £ and of consecutive ra¬ 
dial orders n are equidistantly spaced in period if n » { ( |Tas-| 
1980|l. Miglio et al. (|2008 1 demonstrate that these period 


soul 


spacmgs can depart from their equidistant behaviour as the star 
evolves from the start to the end of its core hydrogen-burning 
phase. These departures from regularity carry crucial informa¬ 
tion on the conditions near the core where g modes have their 
largest amplitudes. A gradient in chemical composition can 
cause mode trapping and can lead to an oscillatory behaviour 
of period spacings, while additional mixing processes, such as 
diffusion, convective-core overshooting, and rotation can reduce 
this gradient. Additional mixing mechanisms can significantly 
influence the time a star spends on the main sequence by supply¬ 


ing the core with additional hydrogen for fusion (Miglio et al. 

| 2 ^ . 

Rotation can furthermore introduce rotational splitting. 


which facilitates identihcation of the modes’ azimuthal order m 
and can shift g modes to shorter periods, which has been stud¬ 
ied extensively by Bouabid et al.| ( |2OT3) . Rotational splitting, as 
hrst described by Ledoux (195 l|l, also occurs for p modes. If it 


is detected in hybrid pulsators in both the g and p modes, addi¬ 
tional constraints can be derived on the radial rotation prohle in a 
largely model-independent way. This has recently been achieved 
by Kurtz et 3T] ( |2014| l and |Saio et al.| ( [20T5] l, who found nearly 


rigid rotation in two hybrid pulsators, requiring a much more ef- 
hcient angular momentum transport mechanism than previously 
assumed. This has also been concluded from surface-to-core ro¬ 
tation rates detected for red giant stars through rotationally split 
mixed modes ( Beck et al.|2012[ [Mosser et al.||2012{ |DeheuveIs] 


jet al.|2014||2015| l, which are two orders of magnitudes below the 
theoretically predicted value ( [Cantiello et al.|2014[ [Fuller et'af] 
2015|l. For the Sun, on the other hand, it has not yet been possi¬ 


ble to measure the rotation of the core, as until now, no g-mode 
pulsations have been observed . 

These and other recent breakthroughs in asteroseismology 
have been achieved by exploiting the nearly uninterrupted, high 
precision photometry of space missions, such as MOST ([Walker 


et al. 2003[l, CoRoT ( [Auvergne et al. 2009 1 , and Kepler (Borucki 


et al.[[20i^. In particular, the detection and analysis of yDor 


stars and hybrid pulsators have benehted from these observa¬ 
tions, since they have been studied in extensive samples of A- 


F type stars observed with Kepler (e.g. 

Grigahcene et al.|2010[ 

[Uytterhoeven et al.|2011| 

Balona 

2014 

Bradley et al.|2015|l. In 

addition, [Tkachenko et a 

.[([2013 

1 selected 69 candidate yDor 


stars, which have been followed up spectroscopically and anal¬ 
ysed in more detail by [Van Reeth et alT[ ( [2015a|b) l. Facilitated by 
the high frequency resolution possible from four years of Ke¬ 
pler photometry, they found period spacing patterns in 50 stars. 
Four more g-mode pulsators have been presented by [Bedding| 


et al. (20141, who detect period spacings and rotational mul- 


tiplets from period echelle diagrams. These excellent observa¬ 
tional results conhrm the theoretical predictions of period dips, 
which are the result of a chemical gradient, and slopes, which 
are the result of rotation, by [Bouabid et al.[ ( [2013[ ). 
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Despite the immense potential of asteroseismic modelling 
for stellar astrophysics, a unique solution is hampered by de¬ 
generacies among the free parameters (e.g. mass, age, initial 
metallicity, chemical mixture, and mixing processes; see, e.g. 
Moravveji et al.[[2015[). Additional observational constraints to 


help lift these degeneracies can be provided by binary stars that 
contain at least one pulsating component. In particular, eclips¬ 
ing binaries provide the opportunity to derive masses and radii 
to very high precision (up to 1%), as they rely purely on geom¬ 
etry (|Southworth| 2012| and, therefore, aid conclusions derived 


from modelling. Furthermore, eccentric binaries can tidally ex¬ 
cite eigenmodes or alter the frequencies or amplitudes of free 


pulsations ( 

Maceroni et aL|2009||Welsh et al.|201 l[|Hambleton| 

et al. 

2013 

', which provide additional opportunities for stellar 

mode 

lling 

Fuller & Lai|2012|l. In addition, Welsh et al. 

(2011)1 


were able 

absolute masses of the non-eclipsing binary KOI 54 by mod¬ 
elling ellipsoidal variation (the deformation of stellar surface 
models as Roche potentials) and reflection (mutual heating of 
irradiated stellar surfaces; Wilson|1990|l. However, despite their 


obvious benefits, pulsating binaries also present a challenging 
analysis, in which signals of two different origins must be dis¬ 
entangled. A common approach has been to treat the asteroseis¬ 
mic and binary signals separately to solve the system iteratively, 
which has been applied, for example, by |Maceroni et al.] ( [2013| 
[2014] l and [Debosscher et al.[ ( [2013T l. 

In this paper, we analyse the eccentric, non-eclipsing binary 
star KIC 10080943 (effective temperature ~ 7400 K; sur¬ 
face gravity log.g ~ 4.0; Huber et al. 2014|l, observed during 


all four years of the nominal Kepler mission. Tkachenko et al. 


( [2013 I discovered pulsations of y Dor and 6 Set type, indicating 
that the system might contain a hybrid pulsator. From ground- 
based follow-up observations, they further discovered that it is a 
double-lined spectroscopic binary. 

In Sect. we describe the acquisition, characteristics, and 
reduction of the Kepler photometry and ground-based spec¬ 
troscopy, which we use to derive atmospheric parameters in 
Sect. We describe the modelling of the binary light curve 
(Sect.^, as well as the frequency analysis (Sect. |5]l, before dis¬ 
cussing our hndings in Sect.j^and ending with a brief summary. 
The analysis of the g modes is presented in an earlier, separate 
paper ([Keen et al.|2015[). 


2. Observations 

2.1. Kepler photometry 

The Kepler satellite was launched on 6 March 2009 and ended its 
nominal mission on 11 May 2013, after a second reaction wheel 
failed and pointing it to its chosen held could no longer be kept 
stable. During the course of its operation, Kepler collected data 
in eighteen quarters, employing a sampling rate of 29.4244 min 
in long cadence (LC) mode. For KIC 10080943, there are LC ob¬ 
servations available from QO to Q17, amounting to a time span of 
1470.5 days, which contain 65 959 data points after deleting 22 
outliers. We extracted the light curve from the public pixel data 
hies using a custom aperture mask, which contained more pixels 
than the original mask to minimise long term trends ( [Tkachenko] 
[et al.|2013) . After each quarter, the satellite rolled to adjust the 
position of the solar panels. This caused short gaps in the light 
curve and made the stars fall on different CCD modules, which 
deviate in sensitivity and lead to varying observed hux. By ht- 
ting a second order polynomial to the light curve in each quarter, 
we rectify any spurious trends to safely concatenate the data (for 
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more details see |Debosscher et al.|2013[ ). A close-up of the final 
light curve is shown in Fig. where time is given as Barycen- 
tric Kepler Julian Date (BKJD), which is Barycentric Julian Date 
(BJD), using a zero point of 2454833.0. 

2.2. HERMES spectroscopy 

In addition to the photometric observations, we monitored the 
star with the HERMES spectrograph ( |Raskin et al.||20TT] l, 
mounted on the 1.2-m Mercator telescope in La Palma, Spain. 
We obtained 26 spectra between August 2011 and October 2014. 
The raw spectra were reduced using the HERMES pipeline. 
Since the target is faint for a high-resolution spectrograph on 
a 1.2-m telescope (Kepler magnitude Kp - 11.8 mag), most 
spectra that were obtained have a signal-to-noise ratio (S IN) be¬ 
low 30. We prepared the spectra for normalisation by remov¬ 
ing the spectrograph’s response function and then dividing this 
by a synthetic composite spectrum of two identical stars, given 
the component’s similarity and their mass ratio close to unity 
(Tes, 1,2 — 7000 K, loggi a = 4.0, metallicity Zi _2 = 0, projected 
rotational velocity of the primary vsin/i = 13 km s ', and of 
the secondary vsin !2 = 10 kms^*). Subsequently, we fitted the 
result with a third-order polynomial, avoiding regions of hydro¬ 
gen and telluric lines, and used it to normalise the spectra. Given 
that double-lined E-type binary spectra contain a large number of 
lines and the observations have a low S /N, we found this method 
to be the most reliable. Our tests showed that fitting a second- 
order spline to continuum points resulted in a wavy continuum, 
varying between spectra. 

We used the normalised spectra to perform spectral disen¬ 
tangling and to obtain fundamental parameters for both compo¬ 
nents (see Sect.j^. In addition, we extracted the radial velocities 
(RVs) of both components from the spectra’s echelle orders prior 
to normalisation by cross-correlating with a mask of an EO star 
and fitting a double Gaussian to the resulting function. 


3. Spectral disentangling, binary orbit and 
atmospheric parameters 


We used the Eourier method of spectral disentangling (Hadrava 
|1995| l, as implemented in the EDBinary code ( Ilijic et al.|2004| l, 
to extract the spectral contributions of both binary components 
from the observed composite spectra of the system. The method 
(originally introduced by [Simon & Sturm| 1994| l allows for si¬ 
multaneous separation of the spectra of the two binary com¬ 
ponents and optimisation of the system’s orbital elements. Be¬ 
fore determining the orbit, we used the RVs to derive the or¬ 
bital period, which was then fixed in EDBinary to simplify the 
optimisation problem. The following five spectral regions were 
used to calculate the orbital parameters: 4530 - 4590 A, 4600 - 
4650 A, 5164 - 5174 A, 5250 - 5295 A, and 5350 - 5380 A. 


Table[2lists the mean and standard deviation of the parameters: 
time of periastron passage to, eccentricity e, longitude of perias- 
tron o), and the RV semi-amplitudes Ki and K 2 . The mass ratio 
q - Ml I M 2 - K 2 IK 1 , the systemic velocity y, and the semi¬ 
major axis as a function of orbital inclination iorb, a sin /orb, are 
also listed. All values are in agreement with those derived from 
fitting the RVs. The orbital fit to the RVs is shown in Fig.[^ 

In the next step, we fixed the orbital elements to the mean 
values and performed spectral disentangling in the range be¬ 
tween 4200 A and 5650 A. The violet part of the spectrum was 
ignored because of large uncertainties in the continuum normal¬ 
isation, while the red part was skipped because of large telluric 
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Fig. 2. Top panel: Radial velocities (black dots) of both components 
with the best fitting model for the primary (solid blue line) and the sec¬ 
ondary (dashed red line). The residuals after subtracting the best fit are 
displayed for the primary in the middle panel and the secondary in the 
bottom panel. The error bars on each RV measurement are typically 
smaller than the symbol size. 
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contamination and an increasing level of noise. The quality of 
the continuum normalisation of the original data suffered signif¬ 
icantly from the low S /N of the data. This naturally propagated 
into the quality of the disentangled spectra, particularly in the re¬ 
gions of the Balmer lines. We found that the normalisation of the 
Hj 3 profile was not accurate enough to provide reliable Fourier 
spectral disentangling in the corresponding wavelength region. 
Our attempt to perform disentangling in the wavelength domain, 
using the original method of jSimon & Sturm] ( |1994| l, also failed. 
The disentangling went reasonably well for the entire red part 
of the Hy profile, whereas its blue wing suffered significantly 
from the zero-frequency component in the Fourier domain. The 
blue wing was corrected by fitting a low-degree polynomial, to 
restore the symmetry of the entire profile with respect to its red 
wing. The reliability of such an approach was later tested by 
means of the spectrum analysis based on the entire wavelength 
range and the one excluding the Hy profile. The metal line spec¬ 
trum was disentangled in small segments (~30 - 50 A each), 
where low-amplitude continuum undulations were corrected by 
fitting a low-degree polynomial to each of the wavelength re¬ 
gions. The final disentangled spectra were obtained by merging 
all segments. 

We used the gssp_binary software package ( jTkachenk^ 
2015] l to fit the disentangled spectra. The spectrum analysis re¬ 
lies on a grid search in the fundamental parameters: Teff, logg, 
micro-turbulence metallicity [M/H], projected rotational ve¬ 
locities V sin ii, 2 , and the ratio of the radii Ri IR 2 ', the 1-cr uncer¬ 
tainties are calculated from statistics, taking into account all 
possible correlations between parameters ( [Lehmann et al.|20TT] l. 
Due to the low S IN of the data, micro-turbulence is hard to con¬ 
strain and we derived another solution with micro-turbulence 
fixed at 2.0 km s '. The code allows for constrained fitting of 
the two spectra simultaneously and takes into account the wave¬ 
length dependence of the light ratio of the two stars, by replacing 
it with the ratio of their radii. We found that the final solution was 
very sensitive to whether the Hy spectral line was included in the 
fit, particularly influencing Tsg and log g of the primary compo- 

Article number, page 3 of[22[ 
































A&A proofs: manuscript no. aa26945-15 



Fig. 1. Zoom of 50 days of the Kepler light curve of KIC 10080943. 



Wavelength (Angstroem) 



Fig. 3. Fit to the disentangled spectra of both components of the KIC 10080943 system (top panels - primary, bottom panels - secondary) with the 
Gssp_BiNARY Software package. The observations are shown as the light grey line and the best fit synthetic spectra are illustrated with the black line. 


nent. Given the level of uncertainty in the disentangling of this 
line and the corrections applied to its blue wing afterwards, we 
decided to exclude it from the final fit and focused on the metal 
line spectrum for each of the components. This approach is jus¬ 
tified by the large number of metal lines present in the spectra 
of both stars, which contain sufficient information for Teff and 
logg to be constrained from the excitation and ionisation bal¬ 
ance, respectively. The finally adopted fundamental parameters 
are listed in Table The quality of the fit for both stars in two 
different wavelength regions is illustrated in Fig The more- 


massive primary component is found to have a v sin i about 1.35 
times greater than the secondary, which is in turn slightly hotter. 
A less-massive but hotter secondary is counter-intuitive, but can 
be explained by a larger primary radius. We find that the com¬ 
ponents’ metallicities are consistent with each other and may 
be slightly sub-solar (the solar composition was adopted from 
[Grevesse et al.|2007] l. 
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Table 1. Parameters of the binary orbit and the component stars of 
KIC 10080943. 



Primary 

Secondary 

Forb (d) 

15.3364 + 0.0003 

/orb (d-') 

0.06520 + 0.00004 

FDBinary 

to (JD) 

2455 782.23 + 0.02 

e 

0.449 + 0.005 

w (deg) 

344.7 + 0.7 

a sin (orb (Rq) 

37.8 + 0.3 

q 

0.96 + 0.01 

K (kms“^) 

68.2 + 0.7 

71.3+0.7 

y (kms"^) 

-22.8 + 0.2 

Phoebe 

/orb (deg) 

68 + 3 

A(p 

0.2928 + 0.0001 

e 

0.4535 + 0.0004 

cx) (deg) 

345.309 + 0.001 

a (Ro) 

41.1+0.8 

q 

0.9598 

+0.0007 

-0.0008 

y (kms"^) 

-22.99 + 0.02 

Teff (K) 

7100 + 200 

7480!^^° 

Q. 

15.2 + 0.2 

23 6+^-^ 

a 

0.8+ 0.1 

0.95 + 0.05 

p 

0 

^•^^-0.03 

0 27+°'34 
U.z,/_0 21 

M(Mo) 

2 . 0 + 0.1 

1.9+ 0.1 

F(Fo) 

2 . 9 + 0.1 

2.1 +0.2 

logg(cgs) 

3.81+0.03 

4.1 +0.1 

RIIR 2 

1.4+ 0.1 

GSSP (excluding Hy) 

Feff (K) 

7150 + 250 

7640 + 240 

logg(cgs) 

4.07 + 0.46 

4.13 + 0.46 

/(kms-') 

3.85 + 0.90 

2.35 + 0.85 

[M/H] 

-0.06 + 0.18 

-0.23 + 0.20 

V sin/rot (kms^') 

19.0+1.3 

14.4+1.4 


RylR2 1.16 + 0.19 


Micro-turbulence fixed at 2.0 km s * 


Teff (K) 

7100 + 220 

7450 + 400 

logg(cgs) 

3.7 + 0.4 

4.15 + 0.85 

[M/H] 

-0.05 + 0.17 

-0.09 + 0.30 

V sin/rot (kms^') 

18.7+ 1.2 

13.8 + 1.6 

R 1 IR 2 

1.41 +0.20 


4. Binary light curve modelling 

The binary signal also appears in the Kepler light curve. The or¬ 
bit is seen in the Fourier transform as the first ten harmonics of 
the orbital frequency, /orb = 0.0652 d with amplitudes well 
below most pulsation modes (Fig.[^ panel b). Ellipsoidal varia¬ 
tion and reflection are non-sinusoidal signals at high eccentric- 
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Fig. 4. Phased binary signal in the observed light curve with oscilla¬ 
tions removed (black), and the best fitting model (red) with the residuals 
shown below. The 1-cr area of the phase-binned light curve is shown in 
grey. 


ity and cause harmonic peaks at integer multiples of the orbital 
frequency. Subtracting the g- and p-mode pulsations using clas¬ 
sical iterative prewhitening (see Sect. from the original light 
curve reveals a periodic brightening occurring at orbital phase 
zero, which we associate with ellipsoidal variation and reflec¬ 
tion (Fig.|^. To complete the iterative approach of studying pul¬ 
sating binary light curves, we modelled this signal and subse¬ 
quently subtracted it from the original light curve, to extract the 
pure pulsation signal. This procedure was only repeated once, as 
the difference in subsequent frequency and binary fits was negli¬ 
gible. 

4.1. MCMC setup 

Since KIC 10080943 does not show eclipses, the modelling is 
not well constrained and degeneracies occur among parameters, 
such as effective temperatures and stellar surface potentials, Q, 
which define the stars’ shapes in Roche geometry and can be 
used to derive the stellar radii. The shape of the ellipsoidal vari¬ 
ation signal is, in principle, a function of the temperature ratio, 
stellar radii, eccentricity, and inclination. At higher orbital incli¬ 
nation, we expect to see a double-humped feature, while for low 
values of inclination, only one hump appears. Before modelling, 
we concluded that (orb probably lies between 60° and 82.5°, since 
a lower value would yield masses that are too high, given an 
early-F spectral type, and a higher value would result in eclipses. 
The fact that we only see one peak in the light curve means that 
reflection is the dominating effect, which constrains the sizes of 
the stars and their temperatures. Furthermore, this brightening 
signal has a small amplitude and, thus, a low S /N. Small varia¬ 
tions in the light curve will therefore be drowned out in the noise 
and remaining unresolved pulsation frequencies. In this case, the 
parameter hypersurface will have many dips and troughs, and 
minimisation algorithms might get stuck in local minima. 

To overcome these obstacles we perform a Markov Chain 
Monte Carlo (MCMC) simulation (implemented in emcee by 
|Foreman-Mackey et al.|[2OT3|), which allows several chains of 
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models to explore the parameter space and build up a posterior 
probability density function of the parameter space 0, given the 
data set D. If we assume that our parameters follow a Gaussian 
distribution, we can write the posterior probability as 

P(0|D) = (1) 


where is a simple goodness-of-fit measurement. The;^'^ values 
were calculated at each step of each chain using binary models 
computed with phoebe ( |Prsa & Zwitter| 2005[), whic h is based 
on the Wilson-Divinney code ( Wilson & Devinne^|1971[|Wil-| 
son|1979). In this way, an MCMC simulation also improves the 


model fit to the data by maximising the posterior. Gaussian pri¬ 
ors of the effective temperatures and the orbital parameters (e, 
to, q, and y), which are based on the spectral analysis and spec¬ 
tral disentangling, respectively, were used to write the posterior 
probability as 


Table 2. Adjusted parameters and non-informative priors for the 
MCMC simulation. 


Orbital parameters 

/oi-b (deg) 

60.0-82.5 

A(p 

0.29252 - 0.29285 

e 

0.434 - 0.464 

u (deg) 

342.6 - 346.8 

a (Ro) 

37.2-44.7 

q 

0.93-0.99 

y (kms^') 

-23.4--22.2 

Primary Secondary 

Teff (K) 

6400 - 7900 6920 - 8360 

Q 

13.9-19.5 15-27 

F 

2 (fixed) 1.77-1.95 

a 

0.4- 1.0 

jS 

0.0- 1.0 


lnP(0|D) = - 0.5 * ( xlc +xlv\ + xlv2 + 250^^^^ 

- 7640 0.449/w-344.7°'^ 


240 K 


0.005 


0.7° 


(q-0.96^ (y + 22.Skms 


0.01 


0.2kms^‘ 


( 2 ) 


where x\c’ XrvI’ Xrvi respective goodness-of-fit 

measurements of the light curve, and the primary and secondary 
RVs, while T\, T 2 , e, to, q, and y are the currently inspected val¬ 
ues of the model’s primary and secondary effective temperature, 
eccentricity, longitude of periastron, mass ratio, and systemic ve¬ 
locity, respectively. 

At each step the algorithm draws the chains’ positions in the 
parameter space from a uniform, non-informative prior distribu¬ 
tion, where we chose 3-(T ranges as limits for the parameters that 
can be constrained from spectroscopy. The limits for the other 
parameters were chosen by optimising the fit by eye before start¬ 
ing the MCMC computations. Furthermore, we had to introduce 
a phase shift A0, to define the zero point in time (fo) as time of 
periastron passage, since phoebe was designed to model eclips¬ 
ing binary stars. In a first step, we assumed synchronous rota¬ 
tion for both components and set the synchronicity parameter 
F - Wrot/worb = 1- Subsequently, we introduced a 2:1 resonance 
with the orbital period for the primary’s rotation period {Fi = 2), 
based on our asteroseismic analysis (Sect. |^, while F 2 was al¬ 
lowed to vary. All adjusted parameters and their limits are listed 
in Table]^ Before calculating thex^ values, the Kepler passband 
luminosity levels and the bolometric limb-darkening coefficients 
were computed for the current positions of the chains. The pass- 
band limb-darkening coefficients were fixed to values taken from 
Claret & Bloemen (2011 1 for models close to our spectroscopic 
solution. 

Gne drawback of current binary modelling techniques is that 
they are computationally intensive and are thus unable to deal 
with datasets as large as produced by the nominal Kepler mis¬ 
sion. Therefore, we phase-binned the light curve into 658 bins, 
reducing the number of data points by a factor of 100. This 
means fixing the orbital period and time of periastron passage. 

The algorithm converged after 2000 iterations of 64 chains 
and was then reiterated 128 000 times to explore the parameter 
space and determine the uncertainties of each parameter. Fig¬ 
ure 1^ shows the posterior distributions of the following param¬ 
eters: inclination / 01 b, effective temperature Teffu,!, and surface 


potential Gi 2 of the primary and secondary componenQ It can 
be seen that the orbital inclination is not distributed normally, 
hence the reported uncertainties should be interpreted as a range 
of possible values. Furthermore, we find no obvious correlations 
with other parameters. All orbital parameters defined by the RVs 
are well within the error bars determined from spectral disen¬ 
tangling, while F 2 could not be constrained. The result is sum¬ 
marised in TableJTland the best model fit to the binary light curve 
is shown in Fig. and to the radial velocity curves in Fig. 

4.2. Bolometric albedos and gravity darkening 

Other parameters that influence the shape of the light curve are 
the bolometric albedo a and the gravity darkening exponent /?. 
The former is linked to reflection and determines the flux frac¬ 
tion that is used to heat the irradiated star, while the latter de¬ 
termines the difference in flux that results from varying surface 
gravity across the distorted stellar surfaces. The values of these 
parameters depend on the main energy transport mechanism in 
the stellar envelope. For predominantly convective envelopes, 
the theoretically predicted values are a = 0.5 ( Rucinski||1989| l 
and j3 - 0.32 ( |Lucy|[TW7) |Claret|[2()03| l, while for radiative 
envelopes, the commonly used values are a = y6 = 1 (|Rucin-| 
^[T9g9l |Claret|[200^ . Both components of KIC 10080943 lie 
within in a range of mass and temperature for which convective 
envelopes are expected, but these are thin and the radiative zone 
extends almost to the photosphere. We therefore decided not to 
fix ai _2 and J3i2 for the modelling (Table|^. 

We found a weak positive correlation for a and Teff for the 
primary and the secondary and ai - 0.8 + 0.1, az = 0.95 + 0.05. 
Between Qz and az, as well as ai, there is a stronger correla¬ 
tion (Fig.|^, which means that for a smaller secondary radius, a 
higher albedo is required to fit the observed height of the peak 
associated with reflection. 

The gravity-darkening exponents, on the other hand, tend 
to lower values. In particular for the primary j3i - 0.035^Qg26’ 
while showing a strong correlation with Qi (Fig. 0. A similar 
degeneracy between surface potential and gravity darkening has 
been reported before by Beck et al. ( |2014[ ). 

From these degeneracies, we derive the expected surface po¬ 
tentials for the theoretical albedos and gravity-darkening expo¬ 
nents for convective envelopes. Since, any kind of degeneracies 


* This figure was created using triangle.py vQ.l.l (Foreman- 
Mackey et al.|2014| http://dx.doi.org/10.5281/zenodo.11020). 
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V. S. Schmid et al.: KIC 10080943: A binary containing two hybrid pulsators. 



i(deg) «2 

Fig. 5. Results of fitting the binary light curve, showing the one- and two-dimensional projections of the posterior probability functions of the 
parameters inclination i, primary and secondary effective temperature Teffa^. snd primary and secondary surface potential The blue squares 
are the values of the model with the lowest In the 1-d distributions, the 16th, 50th, and 84th percentile are marked by the vertical dashed lines. 


represent an uncertainty, we report the surface potentials and 
radii in Table for the full range of possible values, includ¬ 
ing the MCMC solution. The corresponding ratio R 1 IR 2 is then 
in excellent agreement with the spectroscopic value with fixed 
micro-turbulence. 


5. Pulsation frequency analysis 


In the Kepler light curve, the periodic flux variations caused by 
stellar pulsations are far more prominent than the binary signal. 
We extracted this oscillatory behaviour with a Fourier transform 
(for a detailed description of the method, we refer to [Degroot^ 


et al. 


2009 | l. There are two variability regions clearly distinguish¬ 
able in the periodogram, displayed in Fig. Below a frequency 
of 5 d ', we find pulsation modes of y Dor type, while in the 


high frequency range, above 8 d ', we find typical 5 Set pulsa¬ 
tion modes. Both regions are highly structured. 

As a stop criterion for the iterative prewhitening, we chose 
a p value below 0.001, meaning there is a 0.1 % chance that 
a frequency peak is pure noise. Of all detected peaks, we only 
considered those with SIN > A ( |Breger et al.||1993] l, where the 
noise level was calculated as the mean amplitude of the residual 
periodogram in a 1 d ' frequency range around each peak. Since 
the noise level is not uniform across the frequency spectrum, 
and is higher in the low-frequency regime and in regions where 
many peaks cluster, an ordinary prewhitening does not reach 
the high-frequency peaks with low amplitudes (A < 20 ppm). 
Hence we applied a Gaussian filter with cr - 0.02 d to the light 
curve and subtracted the result from the original light curve to 
treat the high-frequency regime. This method lowers the signal 
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Frequency {pHz) 

0.00 71.18 142.36 213.54 284.72 



0.00 

600 


Frequency {pHz) 
4.05 

T 


8.10 



Frequency (d 
Frequency (pUz) 

92.59 104.17 115.74 127.31 138.89 



Frequency (pHz) 

11.57 16.20 20.83 25.46 30.09 



138.89 162.04 185.19 208.33 231.48 



Fig. 8. Panel a: The periodogram of the original light curve of four years of Kepler data. Panel b: Zoom into the long period range, where the 
orbital harmonics are indicated by the vertical dashed lines. Panel c: Zoom into the g-mode pulsations. Panel d: Zoom into the low-amplitude 
p modes and into the high-amplitude p modes (panel e). 



19 20 21 22 23 24 25 26 


112 

Fig. 6. Correlation between the secondary surface potential 0.2 and the 
primary bolometric albedo ai. 



14.5 15.0 15.5 16.0 16.5 17.0 

Slj 

Fig. 7. Correlation between surface potential fli and gravity darkening 
exponent ySi of the primary. 
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V. S. Schmid et al.: KIC 10080943: A binary containing two hybrid pulsators. 


Frequency inHz) 
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Fig. 9. Periodogram of the residual light curve after subtracting the bi¬ 
nary model and 522 significant frequencies (see text). 


below 9 d * considerably; the highest peak in this region has 
A < 110 ppm. When merging the two sets of the two frequency 
searches, we therefore selected all peaks < 9 d * from the origi¬ 
nal light curve and all peaks > 9 d ' from the filtered light curve. 
We then fitted a harmonic model with these frequencies to the 
original light curve. 

The width of one frequency peak is connected with the 
Rayleigh limit IjT - 0.00068 d“\ with T - 1470.4624 d be¬ 
ing the length of the data set. |Loumos & Deeming ( |1978| l found 
that two peaks with a separation smaller than 2.5/7’ influence 
each other during the prewhitening process. There are several 
low-amplitude, yet significant frequencies that are found in the 
vicinity of high-amplitude peaks with a separation smaller than 
the Rayleigh limit, which we excluded from the final frequency 
list. Figure]^ shows the periodogram of the residual light curve, 
after subtracting the binary model calculated in Sect. and 522 
significant frequencies. 

We calculated the errors on the frequency, amplitude, and 
phase, following the description of [Montgomery & 0’Donoghue| 
( |l999| l. These errors rely on the assumption of white noise 
in the data and therefore underestimate the real error, in this 
current study by a factor ~ 2 owing to correlation effects 
( Schwarzenberg-Czerny||2003] l. We applied this correction fac¬ 
tor to the errors. All parameters, their correlation-corrected un¬ 
certainties, and S fN values are listed in Table |A.l1 

As already mentioned in Sect. we also detect the binary 
ellipsoidal variation and reflection signal as orbital harmonics in 
the periodogram (see Fig. panel b). To disentangle both sig¬ 
nals, we have to perform an iterative analysis. After subtracting 
the binary model, we only found minimal changes in the de¬ 
termined pulsation frequencies, in comparison with the solution 
derived from the original light curve with the orbital harmonics 
prewhitened in Fourier space rather than the binary light curve 
in the time domain. The frequency 2.2940 d“^ with S/N - 4.01 
is not detected anymore when working with the residual light 
curve after orbital subtraction. Six additional frequencies were 
detected: 7255, /256, fies, fies, fne, and /512. 


5. 1. Tidally influenced pulsations 

Another source for frequencies at multiples of the binary orbit 
are tidally induced or influenced pulsations. Examples of pulsat¬ 
ing stars in eccentric binaries exhibiting tidally excited modes 
are given by Welsh et al. (2011 1 and Hambleton et al. ( 2013| l, 
where almost all g modes could be attributed to this driving 
mechanism. In the case of KIC 10080943, we only see weak 
tidal influence on the pulsations. Altogether we found four fre¬ 
quencies that are in the vicinity of integer multiples of the or- 


Table 3. Frequencies and amplitudes close to multiples of the orbital 
frequency are given, as well as the frequency ratio ///orb- 



/ 

d^' 

A 

ppm 

///orb 

/16 

0.978056 

1131.2 

15.00084 

/l28 

0.45663 

75.2 

7.00353 

/l47 

1.56487 

71.9 

24.00107 

/388 

2.6734 

28.9 

41.00307 


bital frequency, listed in Table where the relative frequency 

fr = fobs - nforb > l/r. 

The frequency /128 = 0.45663 =» 1 forb coincides with the 
orbital harmonics caused by the non-sinusoidal binary signal. 
Consequently, it was prewhitened together with the orbital har¬ 
monics to study the pulsations alone in the first iteration of the 
binary-pulsation analysis. By cutting the brightening from the 
pulsation-residual light curve and fitting a polynomial to the 
phases outside the brightening, we manually separated the two 
signals. All non-sinusoidal signals at the orbital period are re¬ 
moved, while oscillations at orbital harmonics remain, creating 
a peak in the frequency spectrum. When a binary model was sub¬ 
tracted in subsequent iterations, as opposed to orbital harmonics, 
this confusion no longer arose. 


5.2. The g modes 


The g modes ( Fig. [8] panel c) in KIC 10080943 are discussed 
by Keen et al. ( |2015| ), who performed an independent analysis. 
They found six series of modes equally spaced in period. Five 
of these consist of f = 1 dipole modes, which form rotationally 
split mutliplets, a series of doublets, and a series of triplets. This 
indicates that both stars pulsate in g modes. Since, for the dou¬ 
blets the central m - 0 modes cannot be detected, the frequency 
splitting A/gi ss 0.091 d ' of the outer components is twice the 
actual rotational splitting. Approximating the Ledoux constant 
for dipole g modes by C„/ 0.5 then leads to a rotational period 

T’rot.gi ~ 11 d. For the triplets, on the other hand, all compo¬ 
nents are detected and they are split by A/g 2 ~ 0.07 d“\ yielding 
f^rot,g 2 ~ 7 d. Additionally, they found evidence for modes of 
i -2. For figures and tables of the period spacing and rotational 
splitting in the g modes, we refer to Keen et al. ( 2015[ ). In the 
analysis performed for this paper, we confirm their results. 


5.3. The p modes 

In the highly structured p-mode regime (/ > 8 d *; Fig.[^ panels 
d and e) we detected four multiplets caused by rotational split¬ 
ting, which are displayed in Fig. and listed in Table The 
most prominent feature is the quintuplet around 17.3 d ’, which 
has a mean frequency splitting of A/pi = 0.1304 + 0.0013 d“' = 
2/orb. In the triplet around 15 d“', we found a smaller split¬ 
ting value of A/p 2 = 0.1213 ± 0.0019 d“'. Furthermore, none 
of the multiplets are symmetric about their centre frequency, 
which could be indicative of second-order rotational effects (e.g. 
|Saio|198T]l or magnetic splitting , in addition to rotational split¬ 
ting (e.g. Goode & Thompson||1992| l. This is most noticeable 
for the triplet at 19.5 d”^, where the mean splitting value (A/ = 
0.1315 + 0.0029 d^^) is also larger, although within the error bars 
of A/pi. We note that the rotational splitting values that occur in 
the p modes are different from the ones found in the g modes, 
which will be further discussed in Sect.|6] 
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Table 4. Frequency splittings in the p mode regime. 


/ 

d' 

A 

ppm 

A/ 

d' 

12.62972 

95.1 


12.763339 

533.5 

0.133619 + 0.000020 

12.890541 

758.4 

0.127202 + 0.000005 

14.98412 

160.9 


15.10724 

220.1 

0.12312 + 0.000014 

15.226646 

257.2 

0.119406 + 0.000013 

17.04422 

83.0 


17.17332 

201.9 

0.12910 + 0.000032 

17.305043 

616.1 

0.131723 +0.000011 

17.43413 

108.4 

0.129087 + 0.000020 

17.56586 

64.4 

0.13173 + 0.000045 

19.37580 

57.3 


19.51028 

115.4 

0.13448 + 0.000045 

19.638879 

315.5 

0.1285994 + 0.000021 


Furthermore, we find that the two highest-amplitude peaks 
/4 = 13.94759 d“' and /13 = 15.683330 d“' are singlets, and 
hence likely to be radial modes, although their degree as well 
as radial order remain unidentified at this stage. In Sect. |5.5| we 
present evidence that these two frequencies originate in the two 
different stars. 

Another spacing, which occurs several times among fre¬ 
quency pairs, is A/ = 0.052 d“*. It is most striking in the 
frequency range 8 d-' < / < 12 d-' (Fig. panel d) and 
is connected to the difference of two high-amplitude g modes 
/i “ /12 = 0.05152 + 0.000013. We interpret these p-mode fre¬ 
quency pairs as due to non-linear resonant mode coupling. The 
spacing also appears in the periodogram as fyj - 0.05208 d^'. A 
similar effect has been observed in the slowly pulsating B-type 
(SPB) binary KIC 6352430 by [Papics et al.| ( |2013| l, who give a 
similar interpretation. 


5.4. Combination frequencies 

Non-linear pulsation effects can manifest themselves in the 
Fourier spectrum as combination frequencies and harmonics of 
a few parent frequencies. Papics et al. (2015|l and Kurtz et al. 


(2015|l have recently used them to explain the skewed, non- 


through resonances with /g, as discussed by [Keen et al.| ( |20T5] l. 
Moreover, the single peak between the g- and p-mode regions 
can be related to 2fg - 6.66697 d ' (see Fig.[^ panel a). 

Nonlinear mode coupling also happens among the high- 
amplitude g modes, which (almost exclusively) explain the fre¬ 
quencies between 1.6 d ' and 2.6 d Although some combina¬ 
tions are created by modes of the frequency triplets, by far the 
majority of combinations are caused by the frequency doublets, 
due to their higher amplitudes. 

5.5. Phase moduiation 

The motion of the stars in the binary orbit causes a periodic vari¬ 
ation in the path length travelled by the light from the stars to 
the Earth, which results in a phase change of the observed pul¬ 
sation over the orbital period ( [Murphy et al. 12014) 1. Since these 
changes should be in anti-phase for the two components, we used 
this method to determine which pulsation frequencies originate 
in which star. 

The entire Kepler light curve was divided into 5-day seg¬ 
ments to retrieve the phase variations, and the phases of the pul¬ 
sations were determined with the frequencies fixed to the values 
in Table jA.lj These phase variations were then converted into 
light arrival time delays. A Fourier transform of these time de¬ 
lays gives the orbital period, the projected light travel time across 
the orbit, and the eccentricity (a full description is provided by 
Murphy et al. 2014| Murphy & Shibahashi|2015] l. For a period 


sinusoidal light curves of many yDor and SPB stars. We also 
identify non-linearity in the light curve of KIC 10080943 from 
the detection of several low-order combination frequencies of 
the form n/j + mfj - f^, where n and m are small integers, fi 
and fj are called the parent frequencies, and fk the combination 


as short as 15.3364 d, the segment size is a trade off between 
the frequency resolution for each segment and the sampling rate 
of the orbit. This is easier to achieve for the highest-amplitude 
p modes. Despite the obvious limitation of this method for short- 
period binaries, we were able to determine the phases of the or¬ 
bital variations of seven modes (excluding /ig, which has strong 
beating with a close frequency), given in Table|^ For fn and /13 
the phases are 2.06 ± 0.08 and 5.31 + 0.17, respectively, which 
are n rad out of phase within the errors. They have time delays 
of 44.0 + 3.5 s and 36.2 + 4.8 s, respectively, where the small¬ 
est time delay belongs to the star with the smaller a sin /orb and 
larger mass. Consequently, the peaks whose orbital variation has 
a phase near 5.0 belong to the primary, while those with phases 
near 2.0 belong to the secondary. 

This method can also be used to derive orbital param¬ 
eters, without the use of ground-based spectroscopy. For 
KIC 10080943 they are in good agreement with our results de¬ 
rived from RVs and spectral disentangling, but the results from 
phase modulation (PM) have much larger error bars, due to the 
short orbital period and a segment size of only 5 days. 

Another effect caused by the light travel time delay is mod¬ 
ulation of frequencies, which creates side lobes at the orbital 
frequency in the periodogram. We detected these side lobes for 
the high-amplitude p modes. These can also be used to study 


frequency. To keep the number of combinations manageable, we 

an orbit photometrically (e.g. 

Shibahashi & Kurtz|2012[|Telting| 

limit the search for combinations to (n+m) < 2 and to parent fre- 

et al. 2014[ jShibahashi et al. 

20151, but once again, our spec- 

quencies among the 40 highest amplitude modes. We note that 

troscopy is far superior for dec 

ucing orbital properties in the case 


from those 40 modes, only five are not identified to be part of a 
period spacing series or rotational multiplet. Owing to the dense 
frequency spectrum, there are several combinations that can be 
made by pure chance ( |Papics|2012| ), and several different parents 
can combine to the same combination frequency. Nevertheless, 
we found clear and obvious patterns. 

Frequencies - 13.94759 d“' and /g = 3.33350 d“' create 
combinations (sums and differences) with almost all mode fre¬ 
quencies of the rotationally split doublets in the g modes. The 
frequency group between 4 d“^ and 4.7 d ' is fully explained 


of KIC 10080943. 

6. Discussion 

6.1. Core-to-surface rotation 


[Keen et d?| ( |2015| ) detected two different frequency-splitting val¬ 
ues in the g modes of KIC 10080943 from analysis of the Kepler 
light curve without orbital prewhitening. In this paper we con¬ 
firm this result after subtraction of the binary signal from the 
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Fig. 10. Frequency splittings in the p-mode regime of the periodogram. The vertical dashed lines indicate the modes, composing the multiplets. 
The frequencies, amplitudes, and frequency differences are listed in Table|^ Upper left: Triplet with mean separation A/j = 0.1304 ± 0.0032 d“*. 
Upper right: Triplet with a mean separation A /2 = 0.1213 ± 0.0019 d“'. Lower left: Quintuplet with mean separation A/i = 0.1304 ± 0.0013 d“'. 
Lower right: Triplet with mean separation A/ = 0.1315 ± 0.0029 d“'. 


Table 5. The frequencies and orbital variation phases for 7 of the 8 
highest amplitude p modes. 


Frequency 

d' 

Orbital phase 
rad 

Star 

/4 

13.947586 

2.06 + 0.08 

2 

/l3 

15.683330 

5.31+0.17 

1 

/ 2 I 

12.890541 

5.75 + 0.19 

1 

/27 

17.305043 

3.64 + 0.26 

? 

/32 

12.763339 

0.87 + 0.24 

? 

/45 

14.203334 

2.03 + 0.34 

2 

/46 

19.638879 

4.75 + 0.28 

1 


light curve followed by pulsation frequency analysis. Moreover, 
we find two different splitting values in the p modes as well. This 
is strong evidence that both stars pulsate as p- and g-mode hy¬ 
brids. Our binary analysis yields similar masses for both stars, 
which supports this hypothesis. By detecting rotational splitting 
in the g modes, which are sensitive to the region close to the 
stellar core, as well as in the p modes, which have their high¬ 
est amplitudes in the stellar envelope, we can constrain the in¬ 
ternal rotation profile of a star in a largely model-independent 
way, as explained in detail in Kurtz et ah] ( 2014} and in |Saio 
|et al.| ( |20T5] l for two previously analysed stars with similar mass. 
Here, we achieve this via the detected frequency patterns and 
combination frequencies. The p-mode frequency only cre¬ 
ates combinations with the frequencies of the g-mode doublets, 
while the frequency /13 = 15.68333 d ' does not create com¬ 
bination frequencies in this way and also does not originate in 
the same star as fn (Table |^. The PM results further show that 
/21 = 12.890541 d^', which is part of a triplet with rotational 
splitting A/pi = 0.1304 d“*, does stem from the same star as fi,. 
We therefore conclude that the p-mode splitting that corresponds 


to the rotational period Prot.gi ~ 11 d of the g-mode doublet has 
to be A/p2 = 0.1213 d“'. For pure p modes, the Ledoux constant 
Cn,t ~ 0 and = 1 - Cn,e ~ 1, resulting in a rotational period 
Piot,p2 ~ 8.2 d. Thus, we conclude a core-to-surface rotation rate 
for the secondary of approximately Pcore,2/Psurface,2 ~ 1-3. Simi¬ 
larly for the primary, Prot.pi ~ 7.7 d and Pcore,i/Psurface,i ~ 0.9. 

The core-to-surface rotation rates derived here are rough first 
estimates, as the proper computation of the p-mode Ledoux con¬ 
stant requires seismic modelling of the zonal modes, taking into 
account a possible influence by the g-mode cavity, as well as 
the observed departure from equidistance in the p-mode split¬ 
tings ( Table [4|. Als o, the g-mode splittings vary with frequency, 
which [Keen et ^ ( |20151 l attributed to the dependence of the 
Ledoux constant on radial order «. |Triana et al.| ( |20T5] l deduced 
the internal rotation profile of the SPB KIC 10526294 from g- 
mode frequency inversion, after detailed seismic modelling of 
the zonal modes by Moravveji et al. ( 2015| l. We plan to follow 
similar methodology, as in these two papers, for our future de¬ 
tailed modelling of KIC 10080943, with the aim of determining 
the interior rotation profiles of its components with better preci¬ 
sion than the hrst rough estimates we present here. 


6.2. Spin-orbit aiignment 

It is usually assumed that the rotational axis of binary compo¬ 
nents are aligned with the axis of the orbital plane. The low 
amplitudes of the zonal g modes suggest that the stars are 
seen under a high inclination angle ( |Keen et al.|2015| l, whereas 
the conhguration of the p-mode multiplets seem to indicate a 
low inclination angle. Since heat-driven pulsations might not 
be excited to similar intrinsic amplitudes, the splitting geome¬ 
try only provides weak evidence for the inclination of the stel¬ 
lar pulsation axis. The orbital inclination angle has to be below 
82.5°, given that no eclipses are observed. We can further test 
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the assumption /orb - hot by deriving a radius with the rota¬ 
tional splitting and v sin I'rot for /orb = 68 + 3°. For the primary 
(/surface,1 = 0.1304 + 0.0013 d“', Vi sin/rot,1 = 18.7+1.2 km s“*), 
we find a radius of 3.06 + 0.22 7?o, and for the secondary 
(/siirface,2 = 0.1213 ± 0.0019 d^/ V2 sin/rot,2 = 13.8 + 1.6 kms^') 
2.43 ± 0.29 7^0, giving a ratio R 1 IR 2 - 1.26 + 0.18. Using 
the V sin tVot values from the spectroscopic solution with micro¬ 
turbulence as a free parameter makes marginal difference and 
gives a ratio R 1 IR 2 - 1-24 + 0.17. The values derived here are 
in agreement with the radii derived from binary modelling and 
spectroscopic analysis, given the 1-cr uncertainties in Table [T| as 
well as the assumed spin-orbit alignment. 


7. Summary 

From the extraordinarily rich frequency spectrum of the four- 
year Kepler light curve of KIC 10080943, we have shown that 
this eccentric binary system contains two y Dor/d Set hybrids. 
The analysis of the clearly separated g-mode range, presented 
by |Keen et al.| ( [20T5| ) shows the discovery of six period spacing 
series, which form rotationally split triplets of prograde, zonal, 
and retrograde modes for one star, and doublets of prograde and 
retrograde modes for the other star. In this paper, we find rota¬ 
tionally split multiplets with two distinct spacings in the p-mode 
range, where one star seems to have a 2; 1 resonance with the or¬ 
bital period. Using combination frequencies we manage to link 
period spacing in the g modes with rotational splitting in the 
p modes for both components. We derive that the primary has 
a core that rotates slightly more rapidly than its surface, while 
the secondary’s core rotates more slowly than its surface. Sim¬ 
ilar results have been obtained by |Kurtz et^k] ( |2014| l and |Saio| 
|et al.| ( |2OT5] ) for two single hybrid g- and p-mode pulsators. The 
phase modulation detected for the high-amplitude p modes of 
KIC 10080943, which is caused by the light travel time effect 
in the binary orbit, suggests that the secondary is the stronger 
pulsator. 

Buried beneath the high amplitude pulsations, we discover 
ellipsoidal variation and reflection with an amplitude of only 
0.2%. The effects are not dominating the light curve, since 
the 15.3364-d orbit with e - 0.449 results in a separation of 
~ 22.6 Rq at periastron. We derived the orbital solution from 26 
ground-based spectra, showing lines of both components with a 
mass ratio close to unity. From the disentangled spectra, we con¬ 
firmed the early F spectral type for both stars, with temperatures 
Teff.i = 7150 + 250 K and 7’eff,2 = 7640 + 240 K. The surface 
gravities can only be moderately constrained with spectroscopy. 
A high-precision estimate was, however, achieved by the binary 
fit obtained for the light curve. We used phoebe to compute the 
models and an MCMC simulation to improve the fit, as well as 
derive the posterior probability distribution for each parameter. 
The inclination angle is not normally distributed and a range of 
possible values is /01b = 68° + 3°. For this range, we derive abso¬ 
lute masses Mi = 2.0 + 0.1 Mq and M2 = 1.9 + 0.1 Mq. From the 
fitted surface potentials, corrected for degeneracies with albedo 
and gravity darkening, we find the radii R\ - 2.9 ±0.1 Rq 
and R 2 - 2.1 + 0.2 TJq. From these values we derive surface 
gravities loggi = 3.81 + 0.03 and logg2 = 4.1 ± 0.1. The ex¬ 
ample presented in this paper illustrates that, for non-eclipsing 
binaries, it is necessary to combine spectroscopic, photometric, 
and asteroseismic analyses to obtain a good characterisation of 
the system. Only double-lined eclipsing binaries allow us to de¬ 
rive high-precision fundamental parameters in a largely model- 
independent way, and without suffering from degeneracies in the 
same way as binaries with only a brightening signal. 
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As stars evolve along the main sequence, they develop a 
chemical composition gradient near the core, which creates a 
periodic signal in the period spacing in the Ap vs. p diagram 
( |Van Reeth et al.|2015b[ l. We can use the period spacing series 
detected for KIC 10080943 to derive the properties of the mix¬ 
ing mechanisms taking place in the deep stellar interior. Further 
crucial constraints on the stellar structure of both components of 
KIC 10080943, keeping in mind its close binary nature and ac¬ 
companying tidal forces, can be derived from the rotation rates 
that are detected for the region near the cores and the surfaces. 
Tight asteroseismic constraints on the interior rotation profile of 
both stars can only be drawn from the detailed comparison to 
stellar models, which will be subject of a subsequent paper. 
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Table A.l. Results of the pulsation frequency analysis for KIC 10080943. Values listed are: Frequency f, amplitude A, and phase (p, their respective 
uncertainties e/, eA, and as well as the S/N calculated in a frequency range of 1 d“', 3 d“', and the complete range up to the Nyquist frequency. 
Period spacing doublets (PS d) and triplets (PS t), frequency splittings (FS) and combination frequencies are identified by comments. 



f 

f/ 

A 

ppm 

sa 

ppm 

4> 

In/md 

27r/rad 

1 d-^ 

S/N 

3 d-' 

Full 

Comment 

/l 

1.059380 

0.000009 

1977.8 

47.3 

-0.060 

0.024 

220.0 

244.1 

552.9 

PS d; m = — 1 

/2 

1.150808 

0.000009 

1772.4 

44.4 

0.486 

0.025 

204.9 

218.7 

495.5 

PS d; m = 1 

/3 

0.88692 

0.00001 

1532.7 

42.0 

-0.198 

0.027 

158.3 

189.1 

428.5 

PS d; m = — 1 

/4 

13.947586 

0.000002 

1360.9 

7.7 

0.140 

0.006 

861.7 

788.8 

380.5 


/5 

1.07358 

0.00001 

1358.9 

40.5 

-0.244 

0.030 

152.4 

167.7 

379.9 

PS d; m — 1 

/6 

0.948204 

0.000008 

1340.3 

29.4 

-0.477 

0.022 

142.5 

165.4 

374.7 

PS d; m = -1 

fi 

1.23814 

0.00001 

1324.2 

37.1 

-0.459 

0.028 

157.9 

163.4 

370.2 

PS d; m = 1 

h 

3.33350 

0.00001 

1321.8 

38.6 

0.400 

0.029 

213.9 

227.2 

369.5 


/9 

0.922896 

0.000008 

1313.4 

27.7 

0.250 

0.021 

138.4 

162.1 

367.2 

PS d; m - 1 

/lO 

0.831821 

0.000010 

1280.7 

32.8 

0.147 

0.026 

131.0 

158.0 

358.0 

PS d; m = -1 

/ll 

0.91667 

0.00001 

1280.0 

34.7 

-0.170 

0.027 

134.8 

158.0 

357.9 

PS d; m = -1 

fl2 

1.007861 

0.000009 

1261.0 

31.3 

0.234 

0.025 

136.4 

155.6 

352.5 

PS d; m = 1 

fn 

15.683330 

0.000003 

1241.7 

9.4 

-0.450 

0.008 

815.8 

858.6 

347.1 


/l4 

0.761387 

0.000008 

1200.0 

26.1 

0.446 

0.022 

120.2 

148.1 

335.5 

PS d; m = — 1 

/l5 

0.858847 

0.000008 

1145.8 

24.8 

-0.091 

0.022 

117.8 

141.4 

320.3 

PS d; m — -1 

/l6 

0.978055 

0.000008 

1130.6 

23.3 

0.213 

0.021 

121.3 

139.5 

316.1 

PS d; m = 1; 15/orb 

fn 

0.783176 

0.000008 

1052.3 

21.8 

0.345 

0.021 

106.3 

129.9 

294.2 

PS d; m - -1 

/is 

12.452578 

0.000003 

931.5 

6.8 

0.021 

0.007 

351.2 

294.1 

260.4 


/l9 

0.949885 

0.000009 

881.7 

20.8 

0.408 

0.024 

93.9 

108.8 

246.5 

PS d; m = 1 

fio 

0.953435 

0.000009 

836.8 

19.9 

-0.092 

0.024 

89.3 

103.3 

233.9 

PS t; m = — 1 

fll 

12.890541 

0.000003 

758.4 

6.2 

0.226 

0.008 

348.4 

295.1 

212.0 

FS 1 

fll 

1.195443 

0.000010 

744.5 

19.2 

0.026 

0.026 

87.4 

91.9 

208.1 

PS d; m — 1 

/23 

0.87415 

0.00001 

695.2 

18.6 

0.286 

0.027 

71.6 

85.8 

194.4 

PS d; m - 1 

/24 

0.74034 

0.00001 

661.6 

18.1 

0.229 

0.027 

66.2 

81.6 

185.0 

PS d; m = — 1 

fis 

1.039427 

0.000010 

660.6 

17.5 

0.379 

0.026 

72.3 

81.5 

184.7 

PS d; m = 1 

fie 

1.110740 

0.000010 

647.0 

16.9 

-0.074 

0.026 

73.9 

79.8 

180.9 

PS t; m = — 1 

fn 

17.305043 

0.000004 

616.1 

6.8 

0.426 

0.011 

420.0 

461.8 

172.2 

FS 3 

fn 

1.341113 

0.000010 

605.8 

15.9 

0.195 

0.026 

74.6 

74.8 

169.4 

PS d; m - 1 

f29 

1.06734 

0.00001 

602.6 

16.5 

0.103 

0.027 

67.3 

74.4 

168.5 

PS t; m = — 1 

ho 

1.251994 

0.000010 

598.5 

15.5 

-0.313 

0.026 

71.6 

73.9 

167.3 

PS t; m = 1 

hi 

1.299530 

0.000010 

570.4 

15.1 

0.487 

0.027 

69.2 

70.4 

159.5 

PS t; m = 1 

hi 

12.763339 

0.000004 

533.5 

5.9 

0.460 

0.011 

233.0 

195.7 

149.1 

FS 1 

hi 

1.35154 

0.00001 

466.6 

14.8 

-0.459 

0.032 

57.5 

57.6 

130.5 

PS t; m = 1 

/34 

1.02704 

0.00001 

464.9 

14.5 

0.063 

0.031 

50.7 

57.4 

130.0 

PS t; m = — 1 

hs 

0.98231 

0.00001 

459.4 

14.2 

0.163 

0.031 

49.3 

56.7 

128.4 

PS d; m — 

he 

1.20848 

0.00001 

435.3 

13.6 

0.347 

0.031 

51.6 

53.7 

121.7 

PS t; m = 1 

fn 

1.15816 

0.00001 

434.1 

13.9 

0.414 

0.032 

50.4 

53.6 

121.4 

PS t; m = — 1 

h& 

0.80657 

0.00001 

401.9 

13.4 

-0.038 

0.033 

40.7 

49.6 

112.4 

PS d; m = — 1 

ho 

0.89760 

0.00001 

380.9 

13.2 

-0.359 

0.035 

39.8 

47.0 

106.5 

PS d; m — 1 

ho 

1.93517 

0.00001 

370.1 

13.0 

-0.486 

0.035 

51.7 

48.6 

103.5 


hi 

1.40882 

0.00001 

365.4 

12.8 

-0.045 

0.035 

46.4 

45.1 

102.2 

PS t; m = 1 

hi 

1.46641 

0.00001 

343.6 

12.7 

0.458 

0.037 

45.0 

42.4 

96.0 

PS ^ = 2? 

hi 

0.34619 

0.00001 

341.4 

12.5 

-0.171 

0.037 

33.4 

42.1 

95.5 


/44 

1.41278 

0.00001 

339.5 

12.3 

-0.098 

0.036 

43.2 

41.9 

94.9 

PS ^ = 2? 

/45 

14.203334 

0.000007 

332.7 

5.9 

0.061 

0.018 

215.5 

202.3 

93.0 


he 

19.638879 

0.000007 

315.5 

6.0 

-0.232 

0.019 

271.2 

268.8 

88.2 

FS4 

hi 

12.415537 

0.000007 

299.8 

5.8 

-0.471 

0.020 

110.5 

93.0 

83.8 


hi 

0.57559 

0.00002 

285.8 

12.2 

-0.270 

0.043 

28.8 

35.3 

79.9 


ho 

1.47304 

0.00002 

282.1 

12.1 

0.361 

0.043 

37.1 

34.8 

78.9 

PS t; m = 1 

ho 

1.78406 

0.00002 

272.0 

12.0 

0.267 

0.044 

37.6 

34.9 

76.0 


hi 

0.94422 

0.00002 

267.8 

11.9 

-0.139 

0.044 

28.4 

33.0 

74.9 


hi 

15.226646 

0.000009 

257.2 

5.9 

-0.051 

0.023 

173.2 

175.8 

71.9 

FS 2 

hi 

0.92019 

0.00002 

253.8 

11.8 

0.231 

0.046 

26.8 

31.3 

71.0 

PS t; m = — 1 

/54 

1.53695 

0.00002 

240.3 

11.7 

-0.049 

0.049 

32.0 

30.0 

67.2 


he 

3.40515 

0.00002 

235.3 

11.6 

0.367 

0.049 

38.7 

41.0 

65.8 


he 

1.27125 

0.00002 

234.7 

11.6 

0.365 

0.049 

28.3 

29.0 

65.6 

PS ^ = 2? 

hi 

0.50177 

0.00002 

228.9 

11.5 

-0.070 

0.050 

22.5 

28.2 

64.0 
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Table A.l. continued. 



f 

d-' 

f/ 

A 

ppm 

sa 

ppm 

4> 

In/md 

27r/rad 

1 d-i 

SIN 

3 d-‘ 

Full 

Comment 

/ss 

15.10724 

0.00001 

220.1 

5.9 

0.459 

0.027 

152.3 

148.7 

61.5 

FS 2 

f59 

0.70108 

0.00002 

214.1 

11.5 

-0.488 

0.054 

21.4 

26.4 

59.9 

PS d; m — -1 

/eo 

3.24598 

0.00002 

206.3 

11.4 

0.464 

0.055 

33.3 

34.7 

57.7 


/ei 

17.17332 

0.00001 

201.9 

5.9 

-0.085 

0.029 

136.6 

148.8 

56.4 

FS 3 

/62 

1.73953 

0.00002 

200.3 

11.4 

0.283 

0.057 

27.6 

25.6 

56.0 

fiA + fie 

/63 

11.60773 

0.00001 

194.7 

5.9 

0.205 

0.030 

41.8 

40.6 

54.4 


f(A 

1.52403 

0.00002 

192.1 

11.4 

0.344 

0.059 

25.4 

23.9 

53.7 

PS ^ = 2? 

fes 

1.26738 

0.00002 

191.7 

11.3 

0.429 

0.059 

23.0 

23.7 

53.6 

PS t; m = — 1 

fee 

0.40927 

0.00002 

191.5 

11.3 

-0.248 

0.059 

18.8 

23.6 

53.5 


fei 

1.18115 

0.00002 

182.2 

11.3 

-0.149 

0.062 

21.3 

22.5 

50.9 

PS t; m = 0 

fe& 

1.44497 

0.00002 

179.8 

11.3 

-0.059 

0.063 

23.3 

22.2 

50.3 


fe9 

0.98918 

0.00003 

161.5 

11.2 

0.332 

0.070 

17.4 

19.9 

45.1 

PS t; m = — 1 

fio 

14.98412 

0.00001 

160.9 

5.9 

0.212 

0.037 

112.2 

108.6 

45.0 

FS 2 

fii 

1.36275 

0.00003 

160.8 

11.2 

0.245 

0.070 

19.9 

19.8 

45.0 

PS ^ = 2? 

fl2 

1.65375 

0.00003 

156.4 

11.2 

0.201 

0.072 

21.5 

19.8 

43.7 

PS /■ = 2? 

fl3 

0.45927 

0.00003 

148.7 

11.2 

0.177 

0.075 

14.6 

18.3 

41.6 


flA 

17.43194 

0.00002 

146.9 

5.9 

0.186 

0.040 

103.1 

111.4 

41.1 


/vs 

1.03385 

0.00003 

143.7 

11.2 

-0.020 

0.078 

15.7 

17.7 

40.2 


fie 

1.22863 

0.00003 

139.8 

11.2 

-0.331 

0.080 

16.7 

17.3 

39.1 

PS t; m — 0 

fll 

1.54502 

0.00003 

139.8 

11.2 

0.203 

0.080 

18.5 

17.5 

39.1 

PS V, m — 1 

fn 

1.21014 

0.00003 

138.3 

11.1 

0.413 

0.081 

16.4 

17.1 

38.7 

PS t; m = — 1 

fl9 

15.90340 

0.00002 

131.3 

5.9 

0.014 

0.045 

90.3 

90.7 

36.7 


/so 

1.13773 

0.00003 

130.7 

11.1 

0.130 

0.085 

15.0 

16.1 

36.5 

PS t; m = 0 

/si 

4.39286 

0.00003 

130.4 

11.1 

0.172 

0.085 

28.8 

27.5 

36.5 

fi+h 

/S2 

0.49791 

0.00003 

127.9 

11.1 

0.458 

0.087 

12.5 

15.8 

35.8 


/S3 

0.53779 

0.00003 

125.7 

11.1 

-0.426 

0.088 

12.6 

15.5 

35.2 


/S4 

2.45933 

0.00003 

124.4 

11.1 

-0.028 

0.089 

18.9 

18.5 

34.8 

h - fll 

/S5 

17.30454 

0.00002 

121.9 

6.1 

-0.378 

0.050 

83.1 

91.4 

34.1 


he 

4.48430 

0.00003 

120.5 

11.1 

-0.321 

0.092 

27.5 

26.1 

33.7 

fi + h 

hi 

0.05208 

0.00003 

120.5 

11.1 

0.266 

0.092 

11.8 

14.9 

33.7 

fi - fll 

/ss 

2.21019 

0.00004 

117.7 

11.1 

0.189 

0.094 

17.1 

16.4 

32.9 

fi+fi 

/S9 

0.71065 

0.00004 

116.1 

11.0 

-0.318 

0.095 

11.6 

14.3 

32.5 


ho 

19.51028 

0.00002 

115.4 

6.0 

0.049 

0.052 

98.4 

99.8 

32.3 

FS4 

hi 

0.43931 

0.00004 

111.6 

11.0 

-0.171 

0.099 

10.9 

13.8 

31.2 


hi 

17.43413 

0.00002 

108.4 

6.0 

0.252 

0.055 

76.1 

82.3 

30.3 

FS 3 

hi 

11.05360 

0.00002 

107.6 

6.0 

-0.223 

0.056 

17.3 

18.4 

30.1 


foA 

2.77695 

0.00004 

106.2 

11.0 

-0.204 

0.104 

16.9 

16.8 

29.7 


he 

1.09549 

0.00004 

103.1 

11.0 

-0.352 

0.107 

11.7 

12.7 

28.8 


he 

1.02790 

0.00004 

102.6 

11.0 

-0.212 

0.107 

11.2 

12.7 

28.7 


hi 

2.13299 

0.00004 

102.5 

11.0 

0.462 

0.107 

14.6 

14.0 

28.6 

/l+/5 

h& 

1.89480 

0.00004 

101.6 

11.0 

-0.223 

0.109 

14.1 

13.2 

28.4 

fl + fll 

h9 

2.09895 

0.00004 

101.6 

11.0 

-0.120 

0.108 

14.4 

13.8 

28.4 

fl + fis 

/lOO 

11.31330 

0.00002 

100.5 

6.0 

-0.076 

0.060 

18.3 

18.8 

28.1 


/lOl 

3.27179 

0.00004 

100.3 

11.0 

0.440 

0.109 

16.2 

17.0 

28.0 


/l02 

15.13665 

0.00002 

99.9 

6.0 

-0.076 

0.060 

69.1 

67.6 

27.9 


/l03 

0.62811 

0.00004 

99.1 

11.0 

-0.080 

0.111 

9.9 

12.2 

27.7 


/l04 

10.53635 

0.00002 

96.4 

6.0 

-0.046 

0.062 

13.0 

14.3 

26.9 


/lOS 

0.63559 

0.00004 

95.2 

10.9 

-0.036 

0.115 

9.5 

11.7 

26.6 


/l06 

12.62972 

0.00002 

95.1 

6.0 

-0.102 

0.064 

39.2 

32.7 

26.6 

FS 1 

/l07 

10.92536 

0.00002 

94.8 

6.0 

0.236 

0.063 

14.4 

15.5 

26.5 


fm 

1.98244 

0.00004 

94.6 

11.0 

-0.302 

0.116 

13.3 

12.5 

26.5 

fi+h 

fl09 

10.58834 

0.00002 

94.0 

6.0 

-0.448 

0.064 

12.9 

14.1 

26.3 


/no 

1.93377 

0.00004 

93.5 

10.9 

-0.207 

0.117 

13.1 

12.3 

26.2 

fl + fll 

/ill 

1.24936 

0.00004 

93.4 

10.9 

0.009 

0.117 

11.2 

11.5 

26.1 


fill 

0.54623 

0.00004 

92.8 

11.0 

0.479 

0.118 

9.4 

11.5 

25.9 


fm 

3.23050 

0.00004 

91.8 

10.9 

0.282 

0.119 

14.8 

15.4 

25.7 


fuA 

9.50927 

0.00002 

90.5 

6.0 

0.247 

0.066 

11.3 

12.7 

25.3 


fm 

9.56125 

0.00003 

89.6 

6.0 

-0.136 

0.067 

11.2 

12.5 

25.0 


file 

0.61196 

0.00005 

88.8 

10.9 

0.121 

0.123 

8.9 

11.0 

24.8 


fin 

0.96207 

0.00005 

88.5 

10.9 

-0.290 

0.123 

9.4 

10.9 

24.7 
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Table A.l. continued. 


/ 

f/ 

A 

eA 

4> 


SIN 

Comment 


d-' 


ppm 

ppm 

In/md 

27r/rad 1 d“^ 

3 d-‘ 

Full 



/iis 

1.86648 

0.00005 

87.5 

10.9 

0.100 

0.124 

12.2 

11.3 

24.5 

fi + hi 

/ll9 

1.83685 

0.00005 

86.6 

10.9 

-0.068 

0.126 

12.0 

11.2 

24.2 

h + /i9 

/l20 

2.29750 

0.00005 

85.7 

10.9 

0.266 

0.127 

12.7 

12.1 

24.0 

fi + h 

/l21 

2.06737 

0.00005 

85.1 

10.9 

-0.000 

0.128 

12.0 

11.4 

23.8 

fl + fl2 

/l22 

0.48268 

0.00005 

84.9 

10.9 

0.221 

0.128 

8.3 

10.5 

23.7 


fm 

11.01498 

0.00003 

84.6 

6.0 

-0.398 

0.071 

13.3 

14.3 

23.7 


fl24 

15.68426 

0.00003 

84.4 

6.0 

0.399 

0.071 

55.4 

58.3 

23.6 


/l25 

14.49976 

0.00003 

83.9 

6.1 

-0.047 

0.072 

57.6 

53.4 

23.5 


/l26 

0.68314 

0.00005 

83.1 

10.9 

-0.319 

0.131 

8.3 

10.3 

23.2 


fin 

17.04422 

0.00003 

83.0 

6.0 

0.093 

0.072 

57.2 

60.7 

23.2 

FS 3 

/l2S 

0.45663 

0.00005 

83.0 

10.9 

-0.353 

0.131 

8.1 

10.2 

23.2 

~ 7/orb 

fm 

4.57165 

0.00005 

82.9 

10.9 

0.417 

0.131 

19.7 

18.4 

23.2 

fl + h 

/l30 

2.41065 

0.00005 

82.6 

10.9 

-0.400 

0.132 

12.5 

12.0 

23.1 

h - h', /26 + hi 

/l31 

4.40705 

0.00005 

82.2 

10.9 

-0.046 

0.133 

18.3 

17.4 

23.0 

h + M 

fm 

0.66954 

0.00005 

81.9 

11.0 

0.104 

0.134 

8.2 

10.1 

22.9 


fm 

17.17108 

0.00003 

81.1 

6.0 

0.398 

0.074 

54.9 

59.8 

22.7 


fm 

1.87113 

0.00005 

78.4 

10.9 

0.484 

0.138 

10.9 

10.2 

21.9 

fe + h 

fm 

3.16095 

0.00005 

77.0 

10.9 

0.381 

0.141 

12.2 

12.8 

21.5 


fm 

2.02164 

0.00005 

76.5 

10.9 

0.267 

0.142 

10.8 

10.2 

21.4 

h + h 

fm 

0.66871 

0.00005 

76.2 

10.9 

0.428 

0.143 

7.6 

9.4 

21.3 


fm 

1.28064 

0.00005 

76.1 

10.8 

0.294 

0.143 

9.2 

9.4 

21.3 

PS t; m — 0 

fm 

17.55513 

0.00003 

75.6 

6.0 

0.263 

0.080 

55.8 

57.7 

21.1 


/l40 

1.09333 

0.00005 

74.7 

10.8 

-0.257 

0.145 

8.5 

9.2 

20.9 


/l41 

10.71370 

0.00003 

73.9 

6.0 

0.322 

0.081 

10.5 

11.4 

20.7 


/l42 

1.91219 

0.00006 

73.7 

10.9 

-0.294 

0.147 

10.3 

9.6 

20.6 

h + fiA 

/l43 

0.44517 

0.00006 

73.4 

10.8 

0.284 

0.148 

7.2 

9.1 

20.5 


fm 

1.68439 

0.00006 

72.6 

10.8 

0.416 

0.149 

10.0 

9.2 

20.3 

h + /i4 

/l45 

1.09734 

0.00006 

72.2 

10.8 

-0.286 

0.150 

8.2 

8.9 

20.2 

PS t; m = 0 

/l46 

0.58229 

0.00006 

72.1 

10.8 

0.361 

0.150 

7.2 

8.9 

20.2 


fm 

1.56487 

0.00006 

71.5 

10.8 

0.224 

0.151 

9.5 

9.0 

20.0 

~ 24/orb 

fm 

1.58868 

0.00006 

71.2 

10.8 

-0.225 

0.152 

9.6 

9.0 

19.9 


fm 

1.16815 

0.00006 

70.8 

10.9 

-0.132 

0.153 

8.3 

8.7 

19.8 

PS i\m — \ 

fm 

4.16531 

0.00006 

70.5 

10.8 

0.317 

0.153 

14.5 

14.2 

19.7 

h + /to 

fm 

4.28171 

0.00006 

70.0 

10.8 

-0.304 

0.154 

15.0 

14.4 

19.6 

h + h 

fm 

1.75472 

0.00006 

69.1 

10.8 

0.201 

0.156 

9.6 

8.8 

19.3 

h + ho 

fm 

0.59108 

0.00006 

68.8 

10.8 

0.122 

0.157 

6.9 

8.5 

19.2 


/l54 

0.66657 

0.00006 

68.7 

10.8 

-0.443 

0.157 

6.9 

8.5 

19.2 


/l55 

1.99032 

0.00006 

68.6 

10.8 

0.237 

0.158 

9.6 

9.1 

19.2 

h + hi 

/l56 

2.28587 

0.00006 

68.5 

10.8 

-0.163 

0.158 

10.1 

9.7 

19.1 


/l57 

2.12514 

0.00006 

67.8 

10.8 

0.066 

0.159 

9.7 

9.3 

19.0 

h + h 

/l5S 

1.99293 

0.00006 

67.6 

10.8 

-0.345 

0.159 

9.5 

8.9 

18.9 

oo 

1 

fm 

4.22042 

0.00006 

67.5 

10.8 

-0.042 

0.160 

14.0 

13.8 

18.9 

h + h 

fm 

11.89501 

0.00003 

66.8 

6.0 

-0.115 

0.090 

17.1 

15.8 

18.7 


fm 

0.85233 

0.00006 

66.5 

10.8 

0.440 

0.162 

6.8 

8.2 

18.6 

PS d; m - 1 

fm 

12.26797 

0.00003 

66.4 

6.0 

0.394 

0.090 

22.0 

19.0 

18.6 


fm 

0.42355 

0.00006 

66.2 

10.8 

-0.064 

0.163 

6.5 

8.2 

18.5 


fm 

4.25635 

0.00006 

66.1 

10.8 

0.460 

0.163 

14.0 

13.6 

18.5 

h + h 

fm 

0.65111 

0.00006 

65.9 

10.8 

-0.385 

0.164 

6.6 

8.1 

18.4 


fm 

0.27133 

0.00006 

65.9 

10.8 

-0.313 

0.164 

6.5 

8.1 

18.4 


fm 

1.87998 

0.00006 

65.7 

10.8 

0.429 

0.164 

9.2 

8.5 

18.4 


fm 

14.29636 

0.00003 

65.4 

6.0 

0.141 

0.092 

43.3 

40.3 

18.3 


fm 

0.58352 

0.00006 

65.3 

10.8 

0.394 

0.165 

6.6 

8.1 

18.3 


/l70 

1.04128 

0.00006 

64.7 

10.8 

0.469 

0.166 

7.1 

8.0 

18.1 


/l71 

17.56586 

0.00004 

64.4 

6.0 

-0.259 

0.094 

47.4 

49.1 

18.0 

FS 3 

fm 

2.03782 

0.00006 

64.1 

10.8 

-0.101 

0.168 

9.0 

8.5 

17.9 

h + h\ fl + /i6 

fm 

4.34135 

0.00006 

63.6 

10.8 

0.416 

0.169 

13.9 

13.3 

17.8 

h + fi2 

/l74 

0.60537 

0.00006 

63.2 

10.8 

0.247 

0.170 

6.4 

7.8 

17.7 


/l75 

1.96058 

0.00006 

63.1 

10.7 

0.224 

0.170 

8.8 

8.3 

17.6 

h + h 

/l76 

1.82254 

0.00006 

62.4 

10.8 

-0.497 

0.172 

8.6 

8.0 

17.5 

h + hi 

fin 

4.09487 

0.00006 

62.4 

10.8 

-0.334 

0.172 

12.5 

12.4 

17.4 

h + fi4 
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Table A.l. continued. 



f 

d-' 

f/ 

A 

ppm 

eA 

ppm 

4> 

In/md 

27r/rad 

1 d-i 

SIN 

3 d-' 

Full 

Comment 

/l 78 

1.80983 

0.00007 

60.8 

10.7 

-0.061 

0.177 

8.4 

7.8 

17.0 

fl + f 9 

/l 79 

1.86490 

0.00007 

60.7 

10.7 

-0.086 

0.177 

8.5 

7.9 

17.0 

h + /16 

/l 80 

1.64629 

0.00007 

60.7 

10.7 

-0.211 

0.177 

8.3 

7.7 

17.0 


/l 81 

14.41275 

0.00004 

60.3 

6.0 

-0.413 

0.100 

40.7 

37.9 

16.9 


/l 82 

4.19234 

0.00007 

59.6 

10.7 

0.099 

0.180 

12.3 

12.1 

16.7 

/s - /l 5 

/l 83 

4.31159 

0.00007 

59.3 

10.7 

0.366 

0.181 

12.9 

12.3 

16.6 

h - /16 

/l 84 

0.48924 

0.00007 

58.8 

10.7 

-0.486 

0.182 

5.8 

7.3 

16.4 


/l 85 

4.25017 

0.00007 

58.4 

10.7 

0.034 

0.184 

12.3 

12.0 

16.3 

/a +/11 

/l 86 

10.46011 

0.00004 

58.3 

6.0 

0.424 

0.103 

7.7 

8.5 

16.3 


/l 87 

10.01821 

0.00004 

58.3 

6.0 

0.052 

0.103 

7.5 

8.2 

16.3 


/l 8 S 

2.06998 

0.00007 

58.0 

10.7 

0.479 

0.185 

8.2 

7.8 

16.2 

fl + /lO 

fm 

1.85672 

0.00007 

57.9 

10.7 

-0.061 

0.185 

8.1 

7.5 

16.2 

/s + fn 

fm 

10.45394 

0.00004 

57.8 

6.0 

0.201 

0.104 

7.7 

8.5 

16.2 


fm 

12.96381 

0.00004 

57.8 

6.0 

0.062 

0.104 

27.0 

23.3 

16.1 


fm 

19.37580 

0.00004 

57.3 

6.0 

-0.475 

0.105 

48.1 

49.6 

16.0 

FS4 

fm 

12.61831 

0.00004 

57.2 

6.0 

-0.052 

0.105 

23.4 

19.6 

16.0 


fm 

9.96619 

0.00004 

56.7 

6.0 

-0.458 

0.105 

7.2 

8.0 

15.8 


fm 

0.64132 

0.00007 

56.5 

10.7 

0.490 

0.190 

5.7 

7.0 

15.8 


fm 

3.33477 

0.00007 

55.9 

10.7 

-0.060 

0.191 

9.0 

9.6 

15.6 


fm 

1.99958 

0.00007 

55.8 

10.7 

-0.286 

0.192 

7.8 

7.4 

15.6 

fl + /l 4 

fm 

1.83497 

0.00007 

55.4 

10.7 

0.029 

0.193 

7.7 

7.2 

15.5 

/ 3+/6 

fm 

10.87306 

0.00004 

55.1 

6.0 

-0.117 

0.109 

8.3 

8.9 

15.4 


fioo 

0.45392 

0.00007 

54.8 

10.7 

0.086 

0.195 

5.4 

6.8 

15.3 


/201 

1.70610 

0.00007 

54.5 

10.7 

0.280 

0.196 

7.5 

6.9 

15.2 

/to + fl3 

/202 

6.66697 

0.00007 

54.5 

10.7 

-0.368 

0.197 

19.8 

16.7 

15.2 

2/8 

/203 

0.57938 

0.00007 

54.2 

10.7 

-0.005 

0.198 

5.4 

6.7 

15.2 


/204 

1.02580 

0.00007 

54.2 

10.7 

0.377 

0.198 

5.9 

6.7 

15.1 


/205 

1.90545 

0.00007 

54.1 

10.7 

-0.332 

0.198 

7.6 

7.1 

15.1 

/5 + /lO 

fioe 

1.08844 

0.00007 

53.8 

10.7 

0.191 

0.199 

6.1 

6.6 

15.1 


/207 

1.93237 

0.00008 

52.9 

10.7 

0.462 

0.203 

7.4 

6.9 

14.8 

fs + fl5 

/208 

2.15488 

0.00008 

52.8 

10.7 

0.083 

0.203 

7.6 

7.2 

14.8 

fl + /ll 

/209 

1.92456 

0.00008 

52.6 

10.7 

-0.193 

0.203 

7.3 

6.9 

14.7 

/ll + fll 

/210 

2.36240 

0.00008 

52.6 

10.7 

-0.404 

0.204 

7.9 

7.6 

14.7 

fl6 + /30 

/211 

2.09692 

0.00008 

51.5 

10.7 

0.293 

0.208 

7.3 

7.0 

14.4 

fl + /l 5 

fill 

0.42793 

0.00008 

51.4 

10.7 

-0.399 

0.208 

5.0 

6.3 

14.4 


/213 

9.37824 

0.00004 

51.3 

6.0 

-0.158 

0.117 

6.6 

7.3 

14.4 


fiu 

2.66484 

0.00008 

51.3 

10.7 

0.379 

0.208 

8.1 

8.0 

14.3 


/215 

9.43012 

0.00004 

51.3 

6.0 

-0.494 

0.117 

6.5 

7.3 

14.3 


/216 

4.28342 

0.00008 

51.2 

10.7 

-0.444 

0.209 

10.9 

10.6 

14.3 

/a - fi 9 

fin 

0.68246 

0.00008 

50.5 

10.7 

0.464 

0.211 

5.1 

6.2 

14.1 


/218 

4.11667 

0.00008 

50.0 

10.7 

-0.471 

0.214 

10.0 

10.0 

14.0 

fs + fn 

/219 

1.58580 

0.00008 

49.7 

10.7 

-0.195 

0.215 

6.7 

6.3 

13.9 

PS ^ = 2? 

/220 

14.87583 

0.00005 

49.4 

6.0 

-0.397 

0.121 

33.9 

32.9 

13.8 


/221 

2.05497 

0.00008 

48.9 

10.7 

-0.356 

0.219 

6.9 

6.5 

13.7 

/is + fn 

fill 

0.43379 

0.00008 

48.8 

10.7 

-0.246 

0.219 

4.8 

6.0 

13.7 


fill 

0.62954 

0.00008 

48.8 

10.7 

0.046 

0.219 

4.9 

6.0 

13.6 


fllA 

0.53683 

0.00008 

48.5 

10.7 

-0.175 

0.220 

4.9 

6.0 

13.6 


fiis 

0.01391 

0.00008 

48.0 

10.7 

0.255 

0.222 

4.7 

5.9 

13.4 


file 

1.88147 

0.00008 

47.8 

10.7 

-0.024 

0.223 

6.7 

6.2 

13.4 

f\i+ fn 

fin 

1.02881 

0.00008 

47.8 

10.7 

-0.358 

0.223 

5.2 

5.9 

13.4 


fm 

3.28658 

0.00008 

47.8 

10.7 

-0.038 

0.224 

7.7 

8.1 

13.4 


fll9 

2.18633 

0.00008 

47.6 

10.7 

-0.145 

0.224 

6.9 

6.6 

13.3 

h + fi 

fm 

10.88242 

0.00005 

47.4 

6.0 

-0.470 

0.126 

7.1 

7.7 

13.3 


fm 

1.31568 

0.00008 

47.4 

10.7 

0.242 

0.225 

5.8 

5.8 

13.2 

PS ^ = 2 ? 

fm 

3.42078 

0.00009 

46.9 

10.7 

-0.491 

0.227 

7.7 

8.2 

13.1 


fm 

0.51082 

0.00009 

46.7 

10.7 

-0.261 

0.228 

4.6 

5.8 

13.0 


fm 

21.06992 

0.00005 

46.4 

6.0 

-0.372 

0.129 

41.5 

43.3 

13.0 


fm 

2.11852 

0.00009 

46.2 

10.6 

-0.140 

0.230 

6.6 

6.3 

12.9 

2/1 

fm 

10.01384 

0.00005 

45.9 

6.0 

-0.365 

0.130 

5.9 

6.5 

12.8 


fm 

9.25703 

0.00005 

45.8 

6.0 

-0.318 

0.131 

6.0 

6.7 

12.8 
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Table A.l. continued. 



/ 

d-' 

f/ 

A 

ppm 

eA 

ppm 

4> 

In/md 

27r/rad 

1 d-i 

SIN 

3 d-' 

Full 

Comment 


2.05736 

0.00009 

45.8 

10.6 

-0.071 

0.233 

6.5 

6.1 

12.8 


/239 

0.87703 

0.00009 

45.0 

10.7 

-0.188 

0.237 

4.6 

5.6 

12.6 


/ 24 O 

2.34630 

0.00009 

45.0 

10.7 

0.240 

0.237 

6.7 

6.4 

12.6 

fi + hi 

/241 

4.52889 

0.00009 

44.9 

10.7 

0.252 

0.237 

10.5 

9.9 

12.6 

h + hi 

flAl 

2.00985 

0.00009 

44.9 

10.6 

-0.020 

0.237 

6.3 

6.0 

12.5 

h + /i9 

/243 

10.61408 

0.00005 

44.9 

6.0 

-0.114 

0.133 

6.2 

6.8 

12.5 

fA-h 

/244 

16.18006 

0.00005 

44.7 

6.0 

0.453 

0.134 

31.3 

30.9 

12.5 


flAS 

1.37671 

0.00009 

44.5 

10.7 

0.015 

0.239 

5.6 

5.5 

12.5 


/246 

1.94632 

0.00009 

43.7 

10.7 

-0.466 

0.244 

6.1 

5.7 

12.2 

/ 1+/3 

flAl 

2.27410 

0.00009 

43.3 

10.6 

0.017 

0.246 

6.4 

6.1 

12.1 


flAi 

1.71854 

0.00009 

43.2 

10.6 

-0.019 

0.246 

6.0 

5.5 

12.1 

h + /lo 

/249 

0.55412 

0.00009 

42.8 

10.7 

0.169 

0.249 

4.3 

5.3 

12.0 


/ 25 O 

16.05491 

0.00005 

42.7 

6.0 

0.340 

0.140 

29.3 

29.5 

11.9 


/251 

1.32102 

0.00009 

42.5 

10.7 

0.114 

0.251 

5.2 

5.2 

11.9 


flSl 

1.08332 

0.00009 

42.3 

10.6 

-0.021 

0.251 

4.8 

5.2 

11.8 


/253 

12.56088 

0.00005 

42.3 

6.0 

-0.139 

0.141 

16.6 

14.1 

11.8 


/254 

2.35539 

0.00009 

42.2 

10.7 

-0.155 

0.252 

6.3 

6.1 

11.8 

h - he 

/255 

0.06173 

0.00010 

42.0 

10.6 

0.496 

0.253 

4.1 

5.2 

11.7 


/256 

0.53098 

0.00010 

41.8 

10.6 

0.431 

0.254 

4.2 

5.2 

11.7 


flSl 

0.49131 

0.00010 

41.7 

10.6 

-0.186 

0.256 

4.1 

5.1 

11.6 



3.30970 

0.00010 

41.6 

10.6 

-0.103 

0.256 

6.7 

7.1 

11.6 


/259 

0.71633 

0.00010 

41.4 

10.6 

0.451 

0.257 

4.1 

5.1 

11.6 


fieo 

2.50619 

0.00010 

41.3 

10.6 

-0.467 

0.257 

6.3 

6.2 

11.5 


/ 26 I 

3.38128 

0.00010 

41.3 

10.6 

0.182 

0.258 

6.8 

7.2 

11.5 


fiei 

2.50168 

0.00010 

41.2 

10.6 

-0.137 

0.258 

6.3 

6.2 

11.5 

h - ho 

/263 

2.26902 

0.00010 

41.2 

10.6 

0.486 

0.259 

6.0 

5.8 

11.5 

h + hi', he + hi 

flM 

3.22229 

0.00010 

41.1 

10.6 

0.428 

0.259 

6.6 

6.9 

11.5 


/265 

0.52134 

0.00010 

41.0 

10.6 

0.056 

0.259 

4.1 

5.1 

11.5 


/266 

2.12069 

0.00010 

41.0 

10.6 

0.183 

0.260 

5.9 

5.6 

11.5 


fiei 

1.79117 

0.00010 

40.9 

10.6 

0.284 

0.260 

5.7 

5.2 

11.4 

fi 1 + fl 3 

fies 

0.13958 

0.00010 

40.9 

10.6 

0.443 

0.260 

4.0 

5.0 

11.4 


fim 

12.88824 

0.00005 

40.8 

6.0 

0.342 

0.146 

18.7 

15.9 

11.4 


fno 

2.40044 

0.00010 

40.6 

10.6 

-0.048 

0.261 

6.1 

5.9 

11.4 

f\ + fi& 

fn\ 

1.76921 

0.00010 

40.6 

10.6 

-0.474 

0.262 

5.6 

5.2 

11.3 

hi - f\A 

fill 

9.96196 

0.00006 

40.6 

6.0 

0.467 

0.148 

5.2 

5.7 

11.3 


fm 

1.10506 

0.00010 

40.4 

10.6 

-0.145 

0.263 

4.6 

5.0 

11.3 


hiA 

1.11757 

0.00010 

40.4 

10.6 

0.245 

0.264 

4.6 

5.0 

11.3 


fiis 

1.66328 

0.00010 

40.2 

10.6 

0.230 

0.264 

5.5 

5.1 

11.2 

2/10 

fne 

0.59613 

0.00010 

40.1 

10.6 

0.408 

0.265 

4.0 

4.9 

11.2 


fm 

4.67465 

0.00010 

39.9 

10.6 

0.400 

0.267 

9.7 

9.1 

11.1 

h + fis 

fm, 

2.6325 

0.0001 

39.8 

10.6 

-0.403 

0.267 

6.2 

6.1 

11.1 


fn 9 

9.76823 

0.00006 

39.6 

6.0 

0.440 

0.151 

5.0 

5.5 

11.1 


fl&O 

9.84033 

0.00006 

39.4 

6.0 

-0.343 

0.152 

5.0 

5.5 

11.0 


fisi 

1.8144 

0.0001 

39.3 

10.6 

0.066 

0.270 

5.4 

5.0 

11.0 

h + fiA 

fm 

2.4470 

0.0001 

39.3 

10.6 

0.430 

0.271 

5.9 

5.8 

11.0 


/283 

9.75396 

0.00006 

39.2 

6.0 

-0.346 

0.153 

4.9 

5.5 

11.0 


fiu 

9.99194 

0.00006 

39.2 

6.0 

0.095 

0.153 

5.0 

5.5 

11.0 


fliS 

4.3729 

0.0001 

39.0 

10.6 

-0.377 

0.272 

8.6 

8.2 

10.9 

h + fis 

/286 

10.40783 

0.00006 

39.0 

6.0 

-0.177 

0.153 

5.1 

5.7 

10.9 


fm 

10.72778 

0.00006 

38.9 

6.0 

0.276 

0.154 

5.6 

6.0 

10.9 


fm 

1.6572 

0.0001 

38.8 

10.6 

-0.419 

0.273 

5.4 

4.9 

10.9 

f\ 1 + flA 

/289 

11.36186 

0.00006 

38.6 

6.0 

-0.205 

0.155 

7.3 

7.4 

10.8 


/290 

1.8263 

0.0001 

38.4 

10.6 

-0.318 

0.276 

5.3 

5.0 

10.7 


/291 

11.55488 

0.00006 

38.4 

6.0 

0.332 

0.156 

8.0 

7.9 

10.7 


/292 

10.14600 

0.00006 

38.3 

6.0 

0.006 

0.157 

4.9 

5.4 

10.7 


fm 

9.20496 

0.00006 

38.0 

6.0 

0.178 

0.158 

5.0 

5.6 

10.6 


/294 

1.2200 

0.0001 

38.0 

10.6 

0.420 

0.280 

4.5 

4.7 

10.6 


/295 

1.1666 

0.0001 

38.0 

10.6 

0.228 

0.279 

4.4 

4.7 

10.6 


/296 

9.66821 

0.00006 

37.9 

6.0 

0.094 

0.158 

4.7 

5.3 

10.6 


/297 

1.2312 

0.0001 

37.9 

10.6 

-0.241 

0.279 

4.5 

4.7 

10.6 
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Table A.l. continued. 



f 

d-' 

f/ 

A 

ppm 

sa 

ppm 

4 > 

In/md 

27r/rad 

1 d-i 

SIN 

3d-' 

Full 

Comment 

/298 

13.39179 

0.00006 

37.8 

6.0 

-0.216 

0.158 

20.9 

18.7 

10.6 


/299 

3.4590 

0.0001 

37.8 

10.6 

0.322 

0.281 

6.3 

6.7 

10.6 


/3OO 

10.35998 

0.00006 

37.7 

6.0 

0.215 

0.158 

5.0 

5.5 

10.6 


/3OI 

2.4809 

0.0001 

37.6 

10.6 

-0.341 

0.282 

5.7 

5.6 

10.5 


/302 

1.4009 

0.0001 

37.3 

10.6 

0.205 

0.284 

4.7 

4.6 

10.4 


/303 

1.6184 

0.0001 

36.9 

10.6 

-0.002 

0.288 

5.0 

4.7 

10.3 


/304 

2.1587 

0.0001 

36.7 

10.6 

0.471 

0.289 

5.3 

5.0 

10.3 

h + fn 

/305 

1.8207 

0.0001 

36.7 

10.6 

0.318 

0.289 

5.1 

4.7 

10.3 

h + /i4 

/3O6 

9.50839 

0.00006 

36.6 

6.0 

0.430 

0.164 

4.6 

5.1 

10.2 


/307 

2.3016 

0.0001 

36.5 

10.6 

-0.203 

0.290 

5.4 

5.2 

10.2 

2/2 

/30s 

2.2244 

0.0001 

36.5 

10.6 

-0.005 

0.291 

5.3 

5.1 

10.2 

h + h 

/309 

18.51928 

0.00006 

36.3 

6.0 

-0.463 

0.165 

30.4 

28.9 

10.2 


/31O 

17.30397 

0.00006 

36.1 

6.0 

-0.454 

0.165 

24.6 

27.1 

10.1 


/31I 

2.5503 

0.0001 

36.1 

10.6 

-0.358 

0.293 

5.6 

5.5 

10.1 

h - fn 

fill 

10.20335 

0.00006 

36.1 

6.0 

0.004 

0.166 

4.7 

5.1 

10.1 


/313 

1.3314 

0.0001 

35.9 

10.6 

0.348 

0.295 

4.4 

4.4 

10.0 


/314 

4.2077 

0.0001 

35.9 

10.6 

0.402 

0.295 

7.4 

7.3 

10.0 

h - hi 

/315 

1.1078 

0.0001 

35.8 

10.6 

-0.067 

0.296 

4.1 

4.4 

10.0 


/3I6 

10.62709 

0.00006 

35.7 

6.0 

0.321 

0.168 

4.9 

5.4 

10.0 


hn 

1.8008 

0.0001 

35.5 

10.6 

-0.372 

0.298 

4.9 

4.6 

9.9 

/i4 + hs 

/318 

12.79675 

0.00006 

35.5 

6.0 

-0.151 

0.169 

15.7 

13.2 

9.9 


/319 

2.0738 

0.0001 

35.1 

10.6 

0.479 

0.302 

5.0 

4.7 

9.8 

h + h 

/320 

1.5487 

0.0001 

35.0 

10.6 

0.209 

0.303 

4.6 

4.4 

9.8 


/321 

3.1476 

0.0001 

34.9 

10.6 

-0.039 

0.303 

5.6 

5.8 

9.8 


/322 

1.9559 

0.0001 

34.7 

10.6 

-0.387 

0.305 

4.8 

4.6 

9.7 

2/16 

/323 

2.1024 

0.0001 

34.7 

10.6 

0.480 

0.305 

4.9 

4.7 

9.7 

/i4 + fn 

/324 

2.4337 

0.0001 

34.7 

10.6 

0.293 

0.306 

5.3 

5.1 

9.7 

h + hi 

fns 

9.45663 

0.00006 

34.6 

6.0 

0.393 

0.172 

4.4 

4.9 

9.7 


fne 

14.01277 

0.00006 

34.6 

6.0 

0.228 

0.173 

21.9 

20.4 

9.7 


hn 

2.3117 

0.0001 

34.3 

10.6 

0.085 

0.309 

5.1 

4.9 

9.6 

h + h 

/328 

9.64858 

0.00007 

34.2 

6.0 

0.178 

0.175 

4.3 

4.8 

9.6 


/329 

15.39018 

0.00007 

33.8 

6.0 

0.059 

0.177 

22.6 

23.4 

9.5 


/33O 

2.4746 

0.0001 

33.8 

10.6 

-0.004 

0.313 

5.1 

5.0 

9.5 

h - /i5 

/33I 

10.20426 

0.00007 

33.8 

6.0 

-0.400 

0.176 

4.4 

4.8 

9.5 


hn 

14.38098 

0.00007 

33.8 

6.0 

-0.469 

0.177 

22.7 

21.1 

9.4 


hn 

1.7113 

0.0001 

33.8 

10.6 

-0.429 

0.314 

4.7 

4.3 

9.4 

/l4 + /l9 

hn 

2.4918 

0.0001 

33.8 

10.6 

-0.499 

0.314 

5.2 

5.0 

9.4 

fi + fn 

hn 

2.1053 

0.0001 

33.7 

10.6 

0.159 

0.315 

4.8 

4.6 

9.4 


hn 

3.3177 

0.0001 

33.6 

10.6 

0.393 

0.315 

5.4 

5.8 

9.4 


hn 

2.3256 

0.0001 

33.6 

10.6 

-0.353 

0.315 

5.0 

4.8 

9.4 

h - hi 

hn 

1.7751 

0.0001 

33.6 

10.6 

-0.023 

0.316 

4.7 

4.3 

9.4 

fn + /i5 

hn 

14.23463 

0.00007 

33.5 

6.0 

0.338 

0.178 

21.8 

20.4 

9.4 


/340 

15.89620 

0.00007 

33.3 

6.0 

-0.392 

0.180 

23.0 

23.0 

9.3 


/341 

9.94001 

0.00007 

33.2 

6.0 

0.428 

0.181 

4.2 

4.7 

9.3 


hn 

4.5729 

0.0001 

33.1 

10.6 

0.345 

0.319 

7.9 

7.4 

9.3 


hn 

3.4302 

0.0001 

32.9 

10.6 

0.210 

0.322 

5.4 

5.8 

9.2 


hn 

3.0143 

0.0001 

32.8 

10.6 

-0.215 

0.323 

5.2 

5.3 

9.2 


hn 

1.8396 

0.0001 

32.8 

10.6 

0.019 

0.323 

4.5 

4.2 

9.2 

h + fn 

hn 

1.7818 

0.0001 

32.7 

10.6 

0.011 

0.324 

4.5 

4.2 

9.1 

f9 + fl5 

hn 

2.2033 

0.0001 

32.6 

10.6 

0.080 

0.325 

4.7 

4.5 

9.1 

fll+ fll 

hn 

9.70058 

0.00007 

32.3 

6.0 

-0.216 

0.185 

4.0 

4.5 

9.0 


hn 

10.15667 

0.00007 

32.1 

6.0 

0.428 

0.186 

4.1 

4.6 

9.0 


/350 

16.90244 

0.00007 

32.0 

6.0 

-0.084 

0.187 

22.1 

23.5 

9.0 


/351 

2.5723 

0.0001 

31.5 

10.6 

0.366 

0.335 

4.9 

4.8 

8.8 

h ~ fu 

hsi 

2.1288 

0.0001 

31.5 

10.6 

0.498 

0.336 

4.5 

4.3 

8.8 

fi + he 

hsi 

9.41419 

0.00007 

31.4 

6.0 

0.103 

0.190 

4.0 

4.5 

8.8 


h54 

1.7483 

0.0001 

31.1 

10.6 

0.049 

0.340 

4.3 

4.0 

8.7 

2/23 

/355 

3.1771 

0.0001 

31.0 

10.6 

-0.144 

0.341 

4.9 

5.1 

8.7 


/356 

3.6999 

0.0001 

30.9 

10.6 

-0.198 

0.342 

5.4 

5.8 

8.6 


hn 

1.9572 

0.0001 

30.8 

10.6 

0.246 

0.344 

4.3 

4.1 

8.6 

/l + /39 
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Table A.l. continued. 



f 

d-' 

f/ 

A 

ppm 

ppm 

4 > 

In/md 

27r/rad 

1 d-i 

SIN 

3d-' 

Full 

Comment 

/358 

4.1401 

0.0001 

30.5 

10.6 

0.153 

0.346 

6.2 

6.1 

8.5 

h + h& 

/359 

2.3852 

0.0001 

30.5 

10.6 

0.492 

0.347 

4.6 

4.4 

8.5 


/360 

11.18933 

0.00007 

30.4 

6.0 

0.418 

0.197 

5.3 

5.5 

8.5 


/36I 

1.7500 

0.0001 

30.4 

10.6 

-0.052 

0.348 

4.2 

3.9 

8.5 


/362 

1.9877 

0.0001 

30.3 

10.6 

-0.351 

0.349 

4.2 

4.0 

8.5 

h + hs 

/363 

4.6289 

0.0001 

30.2 

10.6 

-0.081 

0.350 

7.3 

6.8 

8.5 


h(A 

2.4168 

0.0001 

30.1 

10.6 

0.154 

0.351 

4.5 

4.4 

8.4 

2/36; /s - /ll 

/365 

1.9307 

0.0001 

29.9 

10.6 

0.308 

0.353 

4.2 

3.9 

8.4 

h + fi2 

/366 

4.0738 

0.0001 

29.6 

10.6 

0.430 

0.357 

5.9 

5.9 

8.3 

h + /24 

/367 

3.3084 

0.0001 

29.5 

10.6 

0.077 

0.359 

4.8 

5.0 

8.2 


/36S 

2.3192 

0.0001 

29.4 

10.6 

-0.061 

0.359 

4.4 

4.2 

8.2 

/16 + /is; ho + ho 

/369 

1.6483 

0.0001 

29.4 

10.6 

0.054 

0.360 

4.0 

3.7 

8.2 

h + /i4 

/37O 

3.5509 

0.0001 

29.4 

10.6 

0.319 

0.360 

5.0 

5.3 

8.2 


/37I 

10.67501 

0.00008 

29.3 

6.0 

0.067 

0.204 

4.1 

4.5 

8.2 


hl2 

3.2266 

0.0001 

29.2 

10.6 

0.254 

0.361 

4.7 

4.9 

8.2 

3/38 

fm 

1.9787 

0.0001 

29.1 

10.6 

0.230 

0.363 

4.1 

3.8 

8.1 

fl + /24 

hi4 

15.00698 

0.00008 

28.9 

6.0 

-0.230 

0.208 

20.1 

19.5 

8.1 

/1+/4 

his 

3.6053 

0.0001 

28.7 

10.6 

-0.473 

0.368 

5.0 

5.3 

8.0 


hi6 

13.06067 

0.00008 

28.5 

6.0 

-0.479 

0.210 

14.0 

12.0 

8.0 


hn 

8.6411 

0.0001 

28.2 

10.6 

-0.487 

0.374 

4.4 

4.7 

7.9 


hn 

3.1292 

0.0001 

28.2 

10.6 

0.440 

0.374 

4.5 

4.6 

7.9 


hi9 

8.4938 

0.0001 

28.2 

10.6 

0.198 

0.375 

4.8 

4.9 

7.9 


hso 

11.18669 

0.00008 

28.1 

6.0 

0.446 

0.213 

4.8 

5.0 

7.9 


/381 

3.2665 

0.0001 

27.8 

10.6 

0.098 

0.380 

4.5 

4.7 

7.8 


hn 

12.87401 

0.00008 

27.7 

6.0 

-0.467 

0.216 

12.7 

10.7 

7.7 

h-h 

hn 

15.26414 

0.00008 

27.6 

6.0 

0.298 

0.217 

18.5 

18.9 

7.7 


hu 

2.4357 

0.0001 

27.6 

10.6 

-0.352 

0.383 

4.2 

4.1 

7.7 

h - ho 

hn 

3.2031 

0.0001 

27.1 

10.6 

0.118 

0.389 

4.3 

4.5 

7.6 


hn 

15.61814 

0.00008 

26.9 

6.0 

0.487 

0.223 

17.8 

18.6 

7.5 


hn 

12.70941 

0.00008 

26.7 

6.0 

-0.215 

0.225 

11.4 

9.5 

7.5 

h-fi 

hn 

2.6734 

0.0001 

26.4 

10.6 

-0.048 

0.399 

4.2 

4.1 

7.4 

~ 41/o,b 

hn 

4.3159 

0.0001 

26.4 

10.6 

0.253 

0.400 

5.7 

5.5 

7.4 

h + hs 

/390 

3.1378 

0.0001 

26.4 

10.6 

0.067 

0.400 

4.2 

4.4 

7.4 


/391 

15.74857 

0.00009 

26.4 

6.0 

0.078 

0.227 

17.5 

18.4 

7.4 


/392 

3.0832 

0.0002 

26.4 

10.6 

-0.085 

0.400 

4.2 

4.3 

7.4 


hn 

2.6082 

0.0002 

26.4 

10.6 

-0.140 

0.401 

4.1 

4.0 

7.4 


/394 

3.0671 

0.0002 

26.2 

10.6 

-0.100 

0.404 

4.2 

4.3 

7.3 


hn 

3.1869 

0.0002 

26.1 

10.6 

-0.255 

0.404 

4.2 

4.3 

7.3 


/396 

20.83211 

0.00009 

26.0 

6.0 

0.298 

0.231 

22.8 

23.9 

7.3 


hn 

3.0789 

0.0002 

25.8 

10.6 

0.361 

0.410 

4.1 

4.2 

7.2 


hn 

3.3580 

0.0002 

25.7 

10.6 

0.130 

0.411 

4.2 

4.4 

7.2 


/399 

15.89268 

0.00009 

25.5 

6.0 

-0.141 

0.234 

17.6 

17.6 

7.1 


/400 

13.88239 

0.00009 

25.5 

6.0 

-0.383 

0.235 

15.9 

14.6 

7.1 


/401 

3.6216 

0.0002 

25.4 

10.6 

0.434 

0.416 

4.4 

4.7 

7.1 


hoi 

12.99941 

0.00009 

25.2 

6.0 

-0.231 

0.238 

12.0 

10.3 

7.0 

h-fo 

fm 

15.09838 

0.00009 

25.1 

6.0 

0.327 

0.240 

17.4 

16.9 

7.0 

h + h 

/404 

11.28554 

0.00009 

25.0 

6.0 

-0.274 

0.239 

4.5 

4.6 

7.0 


/405 

3.3988 

0.0002 

24.8 

10.6 

-0.416 

0.426 

4.1 

4.3 

6.9 


/406 

15.51415 

0.00009 

24.7 

6.0 

-0.281 

0.243 

16.4 

17.2 

6.9 


hoi 

11.13741 

0.00009 

24.7 

6.0 

-0.114 

0.243 

4.1 

4.3 

6.9 


/408 

8.4419 

0.0002 

23.8 

10.6 

-0.416 

0.444 

4.1 

4.2 

6.6 


fm 

11.44662 

0.00009 

23.7 

6.0 

0.340 

0.253 

4.7 

4.6 

6.6 


/410 

13.11575 

0.00010 

23.6 

6.0 

0.179 

0.254 

11.9 

10.3 

6.6 

h - ho 

/411 

13.02469 

0.00010 

23.6 

6.0 

0.086 

0.254 

11.4 

9.8 

6.6 

h-h 

hi2 

4.2779 

0.0002 

23.5 

10.6 

-0.089 

0.449 

5.0 

4.8 

6.6 


/413 

4.7785 

0.0002 

23.5 

10.6 

-0.131 

0.450 

5.8 

5.5 

6.6 


/414 

12.93973 

0.00010 

23.3 

6.0 

0.082 

0.257 

10.8 

9.3 

6.5 

h - fi2 

/415 

8.3129 

0.0002 

23.3 

10.6 

-0.280 

0.454 

4.3 

4.3 

6.5 


/416 

11.24917 

0.00010 

23.1 

6.0 

-0.269 

0.260 

4.1 

4.2 

6.4 


hn 

14.83452 

0.00010 

23.1 

6.0 

-0.380 

0.260 

16.0 

15.3 

6.4 

h + h 


Article number, page 20 of 


22 







V. S. Schmid et al.: KIC 10080943: A binary containing two hybrid pulsators. 


Table A.l. continued. 



f 

d-' 

f/ 

A 

ppm 

sa 

ppm 

4 > 

In/md 

27r/rad 

1 d-i 

SIN 

3d-‘ 

Full 

Comment 

/418 

11.62548 

0.00010 

23.0 

6.0 

-0.397 

0.261 

5.0 

4.8 

6.4 


/419 

16.76466 

0.00010 

22.9 

6.0 

0.280 

0.261 

17.0 

16.6 

6.4 


/420 

15.02118 

0.00010 

22.7 

6.0 

-0.435 

0.264 

15.8 

15.3 

6.3 

h + fs 

/421 

13.18621 

0.00010 

22.7 

6.0 

-0.130 

0.264 

11.7 

10.2 

6.3 

h - /i4 

/422 

12.34206 

0.00010 

22.7 

6.0 

-0.227 

0.264 

8.0 

6.7 

6.3 


/423 

21.11610 

0.00010 

22.6 

6.0 

-0.107 

0.265 

20.1 

21.1 

6.3 


/424 

4.0138 

0.0002 

22.5 

10.6 

-0.336 

0.468 

4.4 

4.4 

6.3 


/425 

14.5854 

0.0001 

22.3 

6.0 

-0.191 

0.269 

15.4 

14.4 

6.2 


/426 

18.4122 

0.0001 

22.2 

6.0 

0.328 

0.269 

18.9 

17.6 

6.2 


hii 

3.8506 

0.0002 

22.2 

10.6 

0.095 

0.475 

4.1 

4.3 

6.2 


/428 

13.3975 

0.0001 

22.2 

6.0 

-0.146 

0.269 

12.3 

11.1 

6.2 


/429 

13.0309 

0.0001 

22.2 

6.0 

-0.482 

0.270 

10.8 

9.2 

6.2 

h - fn 

/43O 

4.9878 

0.0002 

22.1 

10.6 

0.262 

0.477 

5.7 

5.6 

6.2 


/431 

4.3095 

0.0002 

22.1 

10.6 

-0.013 

0.478 

4.8 

4.6 

6.2 


/432 

3.9278 

0.0002 

21.8 

10.6 

0.005 

0.484 

4.1 

4.2 

6.1 


fm 

14.7795 

0.0001 

21.7 

6.0 

-0.063 

0.276 

15.0 

14.2 

6.1 

h + /lo 

fm 

13.0887 

0.0001 

21.5 

6.0 

0.456 

0.279 

10.6 

9.2 

6.0 

h - f\s 

/435 

13.1291 

0.0001 

20.8 

6.0 

-0.061 

0.288 

10.5 

9.1 

5.8 


/436 

16.6999 

0.0001 

20.6 

6.0 

-0.244 

0.291 

15.0 

14.7 

5.7 


/437 

14.8596 

0.0001 

20.0 

6.0 

0.045 

0.299 

13.8 

13.3 

5.6 


/438 

14.8958 

0.0001 

19.8 

6.0 

0.372 

0.303 

13.7 

13.2 

5.5 

h + h 

fm 

18.3432 

0.0001 

19.8 

6.0 

-0.470 

0.303 

16.8 

15.5 

5.5 


fm 

11.9959 

0.0001 

19.8 

6.0 

-0.409 

0.303 

5.4 

4.9 

5.5 


/441 

14.3990 

0.0001 

19.7 

6.0 

0.272 

0.304 

13.2 

12.3 

5.5 


/442 

12.9695 

0.0001 

19.6 

6.0 

0.115 

0.305 

9.2 

7.9 

5.5 

h - /16 

fm 

13.1644 

0.0001 

19.6 

6.0 

-0.024 

0.306 

10.1 

8.7 

5.5 

h - fn 

fm 

15.1857 

0.0001 

19.1 

6.0 

0.365 

0.312 

13.1 

13.0 

5.4 

h + fi 

fm 

17.2811 

0.0001 

19.0 

6.0 

0.227 

0.315 

12.9 

14.2 

5.3 

h + h 

fm 

18.3406 

0.0001 

19.0 

6.0 

-0.490 

0.315 

16.2 

14.9 

5.3 


fm 

14.5997 

0.0001 

18.9 

6.0 

0.175 

0.316 

13.0 

12.2 

5.3 


fm 

11.8614 

0.0001 

18.9 

6.0 

0.351 

0.318 

4.7 

4.4 

5.3 


fm 

12.3874 

0.0001 

18.8 

6.0 

-0.053 

0.319 

6.8 

5.8 

5.3 


/450 

15.8389 

0.0001 

18.8 

6.0 

-0.224 

0.318 

12.7 

13.0 

5.3 


/451 

11.7135 

0.0001 

18.2 

6.0 

0.298 

0.330 

4.1 

4.0 

5.1 


fm 

11.8369 

0.0001 

18.2 

6.0 

0.161 

0.330 

4.5 

4.2 

5.1 


/453 

14.8064 

0.0001 

18.1 

6.0 

-0.275 

0.332 

12.5 

11.9 

5.0 

h + /i5 

/454 

14.7090 

0.0001 

18.0 

6.0 

0.278 

0.332 

12.5 

11.8 

5.0 

h + /i4 

/455 

14.8642 

0.0001 

18.0 

6.0 

-0.308 

0.332 

12.4 

12.0 

5.0 

h + fn 

/456 

14.9555 

0.0001 

17.9 

6.0 

0.056 

0.335 

12.5 

12.0 

5.0 

h + fn 

/457 

12.9976 

0.0001 

17.6 

6.0 

-0.013 

0.342 

8.4 

7.2 

4.9 

h + /i9 

fm 

16.6948 

0.0001 

17.2 

6.0 

0.423 

0.348 

12.6 

12.3 

4.8 


fm 

12.0614 

0.0001 

17.2 

6.0 

-0.298 

0.348 

4.9 

4.4 

4.8 


/460 

14.9256 

0.0001 

17.2 

6.0 

0.039 

0.349 

12.0 

11.5 

4.8 

h + /16 

/461 

16.1643 

0.0001 

16.9 

6.0 

-0.213 

0.355 

11.8 

11.6 

4.7 


/462 

12.8253 

0.0001 

16.5 

6.0 

0.182 

0.364 

7.4 

6.2 

4.6 


fm 

12.9558 

0.0001 

16.4 

6.0 

-0.220 

0.366 

7.7 

6.6 

4.6 


/464 

17.0363 

0.0001 

16.2 

6.0 

-0.378 

0.371 

11.0 

11.8 

4.5 


fm 

15.4997 

0.0001 

16.1 

6.0 

-0.234 

0.373 

10.6 

11.2 

4.5 


fm 

12.7522 

0.0001 

16.0 

6.0 

0.263 

0.374 

7.0 

5.9 

4.5 

h - fn 

fm 

23.1808 

0.0001 

16.0 

6.0 

-0.100 

0.373 

16.1 

16.2 

4.5 


fm 

15.6513 

0.0001 

15.9 

6.0 

0.308 

0.378 

10.4 

11.0 

4.4 


/469 

12.5645 

0.0001 

15.8 

6.0 

0.317 

0.380 

6.2 

5.3 

4.4 


/470 

14.8464 

0.0001 

15.7 

6.0 

-0.345 

0.382 

10.9 

10.4 

4.4 


/471 

19.3378 

0.0001 

15.7 

6.0 

0.122 

0.382 

13.2 

13.6 

4.4 


fm 

16.1943 

0.0001 

15.6 

6.0 

0.156 

0.384 

11.3 

10.8 

4.4 


fm 

20.9491 

0.0001 

15.6 

6.0 

-0.483 

0.384 

13.8 

14.4 

4.4 


fm 

12.1746 

0.0001 

15.4 

6.0 

0.478 

0.391 

4.8 

4.2 

4.3 


his 

19.7423 

0.0001 

15.2 

6.0 

0.145 

0.392 

13.3 

13.0 

4.3 


hi6 

12.5178 

0.0001 

15.1 

6.0 

-0.421 

0.399 

5.8 

4.9 

4.2 


fm 

13.3910 

0.0002 

14.8 

6.0 

0.221 

0.406 

8.2 

7.3 

4.1 
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Table A.l. continued. 



f 

d-' 

f/ 

A 

ppm 

ppm 

4> 

In/md 

27r/rad 

1 d-i 

SIN 

3d-‘ 

Full 

Comment 

/ 47 s 

12.4885 

0.0002 

14.8 

6.0 

-0.148 

0.407 

5.6 

4.8 

4.1 


fm 

12.2083 

0.0002 

14.7 

6.0 

-0.313 

0.409 

4.7 

4.1 

4.1 


fm 

17.0459 

0.0002 

14.4 

6.0 

0.299 

0.417 

9.9 

10.5 

4.0 


fm 

21.0439 

0.0002 

14.3 

6.0 

0.238 

0.421 

12.7 

13.3 

4.0 


/482 

14.7307 

0.0002 

14.2 

6.0 

0.184 

0.422 

9.8 

9.3 

4.0 

/t + /l7 

/483 

21.1916 

0.0002 

14.2 

6.0 

0.276 

0.422 

12.7 

13.3 

4.0 


/484 

13.2617 

0.0002 

14.1 

6.0 

0.219 

0.425 

7.4 

6.6 

4.0 


/485 

22.9637 

0.0002 

13.7 

6.0 

0.239 

0.439 

13.5 

13.9 

3.8 


/486 

14.8705 

0.0002 

13.7 

6.0 

0.039 

0.439 

9.4 

9.1 

3.8 

/4 + /) 

/487 

19.8570 

0.0002 

13.5 

6.0 

0.095 

0.445 

11.8 

11.6 

3.8 


/488 

16.3605 

0.0002 

13.4 

6.0 

-0.010 

0.447 

9.9 

9.4 

3.8 


f4S9 

14.8975 

0.0002 

13.4 

6.0 

0.202 

0.448 

9.3 

8.9 

3.7 

/t + /l9 

/ 49 O 

15.6815 

0.0002 

12.9 

6.0 

0.050 

0.467 

8.4 

8.9 

3.6 


/491 

13.3899 

0.0002 

12.4 

6.0 

-0.218 

0.483 

6.9 

6.2 

3.5 


/492 

15.9821 

0.0002 

12.2 

6.0 

0.144 

0.493 

8.5 

8.4 

3.4 


fm 

17.5836 

0.0002 

12.2 

6.0 

-0.233 

0.493 

9.0 

9.3 

3.4 


/494 

12.8220 

0.0002 

12.2 

6.0 

-0.125 

0.495 

5.4 

4.6 

3.4 


/495 

14.0685 

0.0002 

12.1 

6.0 

-0.291 

0.496 

7.8 

7.2 

3.4 


/496 

14.2715 

0.0002 

12.1 

6.0 

-0.236 

0.496 

8.0 

7.4 

3.4 


/497 

19.4592 

0.0002 

12.0 

6.0 

-0.391 

0.498 

10.2 

10.4 

3.4 


/498 

13.0735 

0.0002 

12.0 

6.0 

-0.014 

0.501 

5.9 

5.1 

3.4 

/4 - /23 

/499 

14.8217 

0.0002 

12.0 

6.0 

0.124 

0.501 

8.3 

7.9 

3.3 

/t + /23 

/soo 

12.6949 

0.0002 

11.9 

6.0 

0.049 

0.506 

5.1 

4.2 

3.3 


/sot 

14.0780 

0.0002 

11.9 

6.0 

0.351 

0.506 

7.6 

7.1 

3.3 


/502 

12.3954 

0.0002 

11.7 

6.0 

-0.327 

0.514 

4.3 

3.6 

3.3 


/503 

20.8294 

0.0002 

11.5 

6.0 

-0.347 

0.523 

10.1 

10.6 

3.2 


/504 

19.5909 

0.0002 

11.4 

6.0 

-0.417 

0.525 

9.9 

9.8 

3.2 


/505 

16.1093 

0.0002 

11.4 

6.0 

0.227 

0.528 

8.0 

7.8 

3.2 


/ 5 O 6 

16.5448 

0.0002 

11.0 

6.0 

-0.091 

0.548 

8.0 

7.7 

3.1 


/507 

15.8904 

0.0002 

10.8 

6.0 

0.420 

0.556 

7.5 

7.5 

3.0 


/ 5 O 8 

15.6360 

0.0002 

10.8 

6.0 

-0.180 

0.557 

7.1 

7.5 

3.0 


/509 

15.1430 

0.0002 

10.6 

6.0 

-0.155 

0.568 

7.3 

7.2 

3.0 

/4 + /22 

/sio 

20.8348 

0.0002 

10.5 

6.0 

0.460 

0.574 

9.2 

9.6 

2.9 


/sii 

14.9870 

0.0002 

10.4 

6.0 

0.178 

0.578 

7.3 

7.0 

2.9 

/t + /25 

/512 

17.2399 

0.0002 

10.2 

6.0 

0.377 

0.590 

6.9 

7.6 

2.8 


/513 

13.8172 

0.0002 

10.2 

6.0 

-0.350 

0.593 

6.3 

5.8 

2.8 


/514 

15.3975 

0.0002 

10.1 

6.0 

0.244 

0.595 

6.8 

7.0 

2.8 


/515 

20.9933 

0.0002 

9.8 

6.0 

0.209 

0.612 

8.7 

9.1 

2.8 


/ 5 I 6 

16.0626 

0.0002 

9.7 

6.0 

-0.357 

0.619 

6.7 

6.7 

2.7 


/517 

16.6232 

0.0002 

9.7 

6.0 

-0.090 

0.618 

7.1 

6.9 

2.7 


/sis 

20.9057 

0.0002 

9.6 

6.0 

-0.199 

0.626 

8.5 

8.8 

2.7 


/519 

23.2154 

0.0002 

9.5 

6.0 

-0.176 

0.631 

9.6 

9.7 

2.7 


/520 

18.5167 

0.0002 

9.3 

6.0 

-0.421 

0.648 

7.8 

7.4 

2.6 


/521 

19.3485 

0.0002 

9.2 

6.0 

0.167 

0.652 

7.8 

8.0 

2.6 


fs 22 

17.3062 

0.0003 

7.8 

6.0 

0.136 

0.763 

5.3 

5.9 

2.2 



Article number, page 22 of 


22 







